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MAGNETIC STEELS

1

.&

Generators investigated for this study range from low temperature 1800 rpm

machines to high temperature 72000 rpm machines. For so great a range of

rotor speeds, steels are needed that have good strength as well as good mag-

netic properties.

AU presently _known magnetic steel alloys have deficiencies. The alloys with

the best saturation magnetization are weak. The Cobalt steels become radio-

active under neutron bombardment. The tool steels have relatively poor mag-

netic properties. In short, all of the magnetic steels are compromises.

The following curves and discussion may help toward making the best com-

promise.

CURIE POINTS

The magnetic properties of any of the steelsjof pure iron or of nicke_ exhibit

a reversible deterioration as the Curie point of the metal is approached. This

deterioration is shown by a generalized curve from Bozorth. A similar curve

showing the increased flux-carrying ability of a cobalt-iron alloy is given

also. Then the Curie points of several of the better-known alloys are listed.
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CURIE POINTS OF THE MAGNETIC MATEHIAI.q

USED IN GENKRATORS_ MOTORS AND INDUCTORS

6

Material Curie Point °C

ii_n

I_UUilLILL

Nickel

50 Co 3 Mn 47 Fe (Permendur)

49 Co 2 V 49 Fe (2 V Permendur)

35 Co 5 Cr 6 Mn .7 Ni 63 Fe

2T Co 5 Cr 6 Mn .7 Ni T1 Fe

Silicon-Iron 2 Si

Siliconolron 8 Si

Silicon-Iron 11 Si

65 Permalloy 65 Ni - Iron

T9 Ni Permalloy

T-70 Perminvar T0 Ni T Co - Fe

Perminvar 45 Ni 25 Co - Fe

Perminvar 45 Ni 25 Co 7.5 Mo - Fe

79 Ni 4 Mo - Fe (P-Alloy)

79 Ni 5 Mo - Fe (Supermalloy)

4T Ni 3 Mo - Fe (Nonimax)

43 Ni 3.25 Si - Ire (Sinimax)

76 Ni I. § Cr 4 Cu - Ire (l_-Metal)

pr_

IIU

1 1_
A&_I,F

358

98O

98O

96O

94O

T56

T20

69O

62O

58O

650

T20

535

46O

400

510

510

450



CURIE POINTS OF THE MAGNETIC MATERIALS
T

USED IN GENERATORS z MOTORS AND INDUCTOR_

(Continued) ..

?

t

36 N! - Fe (!nvar)

43 Ni - Fe

50 Ni - Fe (Deltamax)

15 AL 3.3 Mo - Fe (Thermenol)

Alnico 5 - 9.4 Co 14 Ni 8 AL 3 Cu

Alnico 6 - 24 Co 15 Ni 8 AL 3 Cu 1.25 Ti

Chrome Steel. 9 C . 3 Mn 3.5 Cr

3% Cobalt Steel 1.0 C 3 Co 4 Cr . 4 Mo

1V_ Cobalt Steel. 8 C 17 Co 25 Cr 8 W

36_ Cobalt Steel. 7 C 36 Co 4 Cr 5 W

3VS

400

510

400

880

880

?45

804

840

890



PURE IRON AND SIUCON STEEL

Pure iron or almost pure iron is commonly used for yokes of d-c machines

and for unidirectional flux circuits that require a high saturation induction.

Pure iron has a higher saturation induction than any material except cobaR-

iron ahoy. Because pure iron has low resistivity, its eddy losses are high

when it is used in a-c circuits.

8

To reduce the eddy losses of iron for use in aiternattng flux circuits, sliicon

is commonly added. This increases the resistance, reduces the width of the

hysteresis loop and reduces degradation of magnetic properties with age

(aging).

A curve of resistivity versus % silicon in iron is provided to show the effect

of adding silicon. Since silicon reduces the saturation induction in iron and

makes it brittle at the same time, about 4% silicon is the maximum alloy for

production use. Six percent (6%) silicon addedto iron reduces the magneto-

strictton to almost zero so that ahoy content is of interest for low noise ma-

chines and transformers.
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NON-MAGNETIC STEELS

The Chrome-Nickel steels of the 300 series are used as non-magnetic spacers

and support members in rotor weldments, braces and other structural loca-

tions where it is desirable to use a material with a permeability of one (1).

Some of the 300 series steels are non-magnetic in the "soft" condition but

when they are work hardened part of the steel changes phase and becomes

magnetic. The 18-8 steel (see 301 on chart) becomes useless for non-mag-

netic needs when cold reduced 25% to 50%.

A table taken from an International Nickel Co. Bulletin is included for guid-

anc e.



MAGNETIC PROPERTIES OF Cr Ni STEEI_

14

AISI

Type No.

%
Cr

Magnetic Permeability Tensile
% % Cold H = 50 H = 200 Strength

Ni Reduction Oersteds Oersteds Lb/Sq. In.

Special

301

302

304

308

310

316
2.4% MO.

19.2

17.6

18.4

19.0

17.9

24.3

17.5

8.4 0 1. 0042 1. 0048
8.3 1 12R !_ 136

16.7 5.70 6.23
27.8 13.6 14.1
48.0 49.0 33.4

7.8 0 1. 0027 1. 0028
19.5 1. 148 1. 257
55.0 14.8 19.0

9.0 0 1. 0025 1. 0035
20.0 1.0076 1.011
44.0 1. 050 1. 120
68.0 1.59 2.70
84.0 2.15 6.65

10.7 0 1. 0037 1. 0040
13.8 1. 0048 1. 0060
32.0 1. 0371 1. 062
65.0 1. 540 2.12
84.5 2.20 4.75

11.7 0 1. 0032 1. 0044
18.5 1. 0040 1. 0054
34.5 1.017 1.020
52.5 1. 049 1. 063
84.0 1. 093 1. 142

20.7 0 1.0018 1. 0035
14.7 1. 0016 1. 0041
26.8 1. 0018 1. 0043
64.2 1.0019 1. 0041

13.4 0 1. 0030 1. 0040
20.8 1. 0030 1. 0043
45.0 1.0040 1.0065
60.8 1.0065 1.0072
81 1. 0070 1.0100

89, 100
120_ 400
138, 200
156, 000
202,000

95, 000
140, 600
222, 400

95, 300
130, 200

171, 000
214, 000
236, 000

81, 000
101, 100
145, 900
180, 400
202, 800

88, 200
129, 100
154, 700
175, 900
197, 800

107, 800
128, 100
155, 000
192, 600

83, 600
117, 800
159, 900
178, 000
194, 100
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MAGNETIC PROPERTIES OF Cr Ni STEELS (Cont)

Magnetic Permeability Tensile

AISI % % % Cold H = 50 H = 200 Strength

T_eNo. Cr Ni Reduction Oersteds Oersteds Lb/Sq. In.

321

0.68% Ti 18.3 10.3 0 1.0033 1. ^ ...... ^^OUUUUOO 0I'_

16.5 1.018 1. 023 123, 200
"" 162 200_1.5 1. "^ • _tJL. UJL

53.5 2.44 3.34 174, 400

70.5 6.76 9.40 201, 300

347

0.95% Cb. 18.4 10.7 0 1. 0037 1. 0044 94, 800

13.5 1. 0074 1. 0085 118, 200

40.0 1. 062 1. 088 166, 100

60.0 1. 245 1. 445 179, 800

90.0 1.97 4.12 216, 500

Ref: Heat treatment and physical properties of the Austenitic Chromium -
Ni SteeLs - International Nickel Co. Bulletin



COBALT-IRON ALLOYS

The cobalt-iron alloys have the Mghest curie points of any of the alloys.

(Only cobalt has a higher curie temperature.) In some high temperature

applications, no other presently known magnetic materials could be used.

16

The "soft" or high permeability Cobalt-iron alloys are weak in tension and

• &

brittle at room temperature so their use in "--"-'- .... -' --• .......... "^-• - UgAJ•" tJ UIL_L£" tI_LJLUII_pet:umlgu

becomes difficult.

The Cobalt becomes radioactive when the cobalt-iron is used in a nuclear

radiation environment and since the Cobalt radioisotope half-life is 60 years,

handling the generator becomes difficult after such exposure.

The large body of permanent magnet alloys remains mostly unexplored for

"soft" applications.
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CREEP STRENGTH

For high temperature applications, the creep strength of the rotor steel

must be known. At this time, the creep data available is incomplete and

the properties of all known alloys fall far short of those dmge_.

23

A table of creep strength for AISI alloys is given and two curves of creep

data for carbon steels is given. The creep strength of carbon steel is about

the same as most low-alloy steels when iO00°F temperature is exceeded.
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STRESS IN MAGNETIC STEELS

"The magnetic properties of most ferromagnetic materials change with the

application of stress to such an extent that stress may be ranked with field

strength and temperature as one of the primary factors affecting magnetic

change. In some materials a tension of 10 Kg./mm 2 (14, 200 lb/in 2) will in-

crease the permeability _ia tow fields by a factor of 100; in others, the per-

meability is decreased by tension and in still others (e. g., iron) the perme-

nt-.." 1,,I1-,.,..,t_ 1.,-.--. 1_4.-.1..it. ,,,..,," ;_..,,,o.^^.,_ ^.,1 n_,.,1 1.1. _ I. ;_ i.4 _i. ^-- 1_4 ^IL,_, _ J .... n _ ^.,.,1

2'7

In all materials, the saturation induction is unaffected by a stress within

the elastic limit, and it is affected by stresses large enough to produce plas-

tic flow only when a change of phase or state of atomic ordering occurs in

thematerial." From "Ferromagnetism" by Bozorth, page 595.



ALLOY STRUCTURAL STEELS

Low alloy steels can be used in applications requiring good flux-carrying

ability and high strength. Some of them are suitable for use in high-speed

rotors at temperatures up to 500 ° C aRer which temperature they are little

better than ordinary carbon-steel.

Some of the tool steels are usable above 1000 ° F.

28
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PERMANENT-MAGNET STEELS

The Alnicos are used almost exclusively in permanent magnet generators

because their energy product is much higher than tt_ of _ cdder _tgl_t

alloys. Since permanent magnet materials are sometimes used in rotors

of electromagnetic machines (because of strength or residual magnetic

properties), the hysteresis loops and BH curves of the various common

permanent magnet alloys are given here and a table of the worlds best-

Irnnwn nprmanpnf-mso'npf _lllnv_ i_ in_,.h,d_,-1
£ nO J

35

One curve shows the effect Of alternating magnetic fields on the PM alloys

and another the effect of physical impacts.
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The following list of cobalt steels known as '"nard" magnetic steels was taken
from Cobalt No. 4 Sept., 1959, the publication of the Cobalt Information
Center in Brussels.

B Gauss
Cobalt Steels Composition r

2% Cobalt Steel (O. B. )
Co 040 )

16/120/48 ) Germany
• TTTT _L

3% Cobalt Steel (G. B. )
Co 045 )
18/97/47 ) Germany
Kobalt 100 )
HA 1 (Belgium)
KS 4 (Japan )

6% Cobalt Steel (G_ B. )
Co 050 )

20/68/44 ) Germany
Kobalt 125 )
K6 )

HA 2 (Belgium)
MS 6 (Switzerland)

9% Cobalt Steel (G. B. )
Co 160 )

25/51/43 ) Germany
KS 3 (Japan)

11% Cobalt Steel )

Co 060 )Germany
Kll )

15% CobaR Steel (G. B. )
Co 070
Kobalt 200

28/46/43
K 16

HA 3 (Belgimn)
MS 15 (Switzerland)
KS 2 (Japan)

4Cr 2 Co 1C0.6W

9Cr 3Co 1.SMO 1 C

9Cr 6Co 1.5MO1C

9Co9Crl. SMO 1C

11 Co 8.5 Cr 1.5MO 1 C

15%Co 9 Cr I.SMO 1C

98O0

7200

78OO

8OOO

84OO

8500



_ *_i_ _ • _i_;-. •_4

List of Cobalt Steels (Cont.)

44

Cobalt Steels

17% Cobalt Steel (USA)

20% Cobalt Steel (G. B.)

30% Cobalt Steel )

Co 090 ) Germany
K 30 )

35% Cobalt Steel (G. B. )

KS- 1 (Japan)
Co I00 )
Kobalt 300 ) Germany
40/35/42

Hi-CobaR (USA)
HA-4 (Belgium)
MS-35 (Switzerland)
Ergit Max 1 (Hungary)

36% Cobalt Steel (USA)

38% Cobalt Steel (USA)

Composition

17 Co 8 W 2.5 Cr 0175 C

20 Co9Cr 1.5MO 1C

30 Co 4.5 Cr 4.5W 0.9 C

35 Co6Cr 5W0.9C

36Co5W4Cr0.7C

38 Co5W4Co0.7C

B Gauss
r

9500

9OOO

86O0

9000

9500

10000
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GROUPING OF FRACTIONAL SLOT WINDINGS

46

When the stator is comprised of a winding having fractional slots per pole,

the grouping of the coils can be determined by the following method.

Express the ratio of the number of slots to the number of poles as an improper

fraction reduced to its lowest terms. The denominator will then represent the

number of poles in a repeatable section and the numerator will then be the

number of slots in a repeatable section. If the number of slots in a repeat-

able section is not divisible by the number of phases a balanced polyphase

winding cannot be obtained.

The maximum number of parallel paths in the winding is found by dividing the

number of poles of the machine by the number of poles in a repeatable section.

This gives the maximum possible number of parallels.

To determine the grouping lay out a table having as many horizontal divisions

as there are slots per repeatable section, and as many vertical divisions as

there are poles per repeatable section. Divide the horizontal divisions into

m number of phases and using a pitch of y = poles per repeatable section lay

out the winding.

As an example consider a 3 phase, 20 pole, 84 slot machine, then 84/20 =

21/5 = (slots per repeatable section)/(poles per repeatable section). The

maximum number of parallels possible = 20/5 = 4, and the available number

of parallels will then be 4 and 2. Lay out the table as follows with y = 5 and

throw = 1-6.

12345

1 x
2 !x

6 7

X

Phase a

8 9 10 11 12 13 14

X

Ixi-x-II -I

Phase c

15 16 17 18

X

X

X

X

Phase b

19 20 21

X

X



The grouping will thus be 21211-21211 = 21211 = and repeat 3 x 4 = 12 times.

The coils will then be placed as follows:

47

Slot No.

Phase of

Coil

Grouping

12 3

4" 4" -

la a c
i

2 1

4 56

+ 4. -

bba

2 1

789101112

4. - _ 4. - -

cbb a c c
I

1 2 1 2

13 14

+ -

b a
I

1 1

15

4"

C C
|

2

1617

4" -

b

1

18 19 20 12t

+ 4" - 4"

a a c b

2 1 1

Another way of accomplishing the same result as that given above is as follows:

Since there are 5 poles per repeatable section and 21 slots per repeatable sec-

tion there must be 7 slots per phase in each repeatable section with these 7

slots occupying positions over 5 poles. The coils in a section may be arranged

in any order but the best arrangement in general is that which gives the largest

distribution factor. Usually the most symmetrical arrangement of the coils is

best, or in this case 12121. Laying out the winding of the previous example for

the 12121 arrangement gives:

Slot No.

Phase of

Coil

Grouping

1234

4" _ | m |4.

ac clb

1 2 1

56789101112

-.- 4" - + 4" - 4"

aacba a c b

2 1 1 2 1 2

13 14

+ -

b a

1

15 16 17

_. m m

c b b

1 2

18 19 20 21

a c c b

1 2 1

which is the same as that arrived at previously with the exception that it is

displaced several slots.

THE SLOT STAR

The two above methods of grouping can be verified by the slot star method.

In general let the number of slots per phase per pole q be represented as

q = N/B = a + b/B. where a is an integer. Then the winding repeats itself

after each B poles and the number of recurrent groups is equal to P/B. Each
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phase has N slots in B poles. Further, each phase has B - b coil groups with

a coils and b coil groups with a + 1 coils in B poles. If B/m equals an integer

there cannot be a perfectly balanced fractional slot winding.

Apply the above rules to the 3 phase, 20 pole, 84 slot example gives q - 84/

(20 x 3) = 7/5 - 1 + 2/5. Thus the winding repeats itself after each 5 poles the

number of recurrent groups is 20/5 = 4. Each phase has 7 slots in 5 poles

and each phase had 5 - 2 - 3 coil groups with 1 coil and 2 coil groups with

i + i = 2 coils in 5 poles.

The slot star of a 2 pole, 3 phase integral slot winding with q equals two is

shown in Figure 1. The angle between two adjacent slots is oc s = 180 °/mq =

30 ° .

Two adjacent vectors correspond to two adjacent slots and thus slots 1, 2, 7,

and 8 belong to phase I, slots 3, 4, 9, and 10 belong to phase II and so on. Vec-

tor 7 with which the second pole starts is shifted 180 ° with respect to vector 1,

and the same applies for vectors 2 and 8, 3 and 9, etc. Therefore the bottom

half of the slot star is the same as the top half except that their vectors are

shifted by 180 ° .

The four coils of phase 1 are shown in Figure 2 with the solid lines represent-

ing the tops of the slots and the dotted lines representing the bottom. The con-

nector C takes care that all the emfs add together and thus the slot star of this

example is completely represented by only half of the circle.

The above type of star will then apply to the integral slot windings in general.

In the fractional slot winding, B poles make the recurrent group and just as

for the integral slot winding the slot star of B poles is represented by half of

a circle.

_J.ULO_ _u_xupie.Figure 3 shows the slot star ol me zu pole, o prince, 1_lere

are 5 poles in B with 7 x 3 - 21 slots per recurrent group, a s = 180/ (3 x 1.4)



= 42 and 6/7 °. Thus the angles which correspond to the slots are:

5O

Slot No. 1 2 3 4 5 6

cc -0 42 6/7 85 5/7 128 4/7 171 3/7 214 2/7=342/7etc.
S

Since the largest distribution factor for the fundamental is obtained when the

_|nt_ h_lnnerin_ tn _eh _rnlm _r_ eln_.qt tngether, th_ first s_ven sints in the

slot star will be assigned to phase a. The second seven to phase c, and the

last seven to phase b. Thus slots 1, 18; 14, 10; 6, 2, and 19 are phase a;

15, 11, 7, 3, 20, 16, and 12 are phase c; and 8, 4; 21; 17; 13, 9, and 5 are

phase b.

The grouping then becomes

Slot No. 1 2 3 4 5

Phaseof + + - + +

Coil a a c ib b

'Grouping 2 1 2

6789

a c bb

1 1 2

10 11

-I- -

a c

1

12

C

2

13 14 15 16

+ - + +

b a c c

1 1 2

17 18

- +

b a

1

19 20

+

a

2

21

- +

c b

1 1

This is identical with the grouping of the first method and therefore verifies

its accuracy.

In the integral slot winding the beginnings of the phases are displaced by 120

and 240 electrical degrees. Also in the fractional slot windings the distances

between the beginnings of the phases can be made 120 and 240 ° . This will be

the case when the beginnings are placed in slots 1, 1 + N, and 1 + 2N when B

is an even number, and in slots 1, 1 + 2N, and 1 + (1 + m) N, when B is an odd

number. This arrangement of the beginnings of the phases will place them far

apart from each other mechanically while it is often desirable to have them

near to each other. In order to place the beginnings of the phases near to each

other the beginnings can be placed ....... ,_^._._. ,.A ^__ .A__pp, u_,,,,_t_y _--u_,,u_u electrical de-

grees apart and the windings stillwill be balanced. This is due to the fact that



i_! _'__ _:
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in the fractional slot winding the emfs of the consecutive coil groups are not

in phase and the sequence of the geometric addition of the single emfs is of no

influence on the resultant phase emf. So in the ez_epte ,mnsidered the be-

ginnings of the phases can be placed in slot 1 for phase a, slot 4 for phase b,

and slot 7 for phase c. The angles between the beginnings are then 128 and

4/7 °, and 257 and 1/T °.

DISTRIBb'FION =" '_""_"zy ANA_ • UA%

The voltages induced in the separate coils of a distributed winding are not in

exact phase and their resultant is therefore less than would be produced in a

concentrated winding having the same number of turns. The ratio of the volt-

ages produced by distributed and concentrated windings having the same num-

ber of turns is called the distribution factor. In the case of integral slots per

phase per pole it can be derived as follows:

{}- electrical angle per phase group

O=qoc
S

CCs e/2 e
sin-_ - r - 2r

e
r -

cc
s

2 sin -2--

O qCCs E
sin_ = sin T =

qoc
s

zqccs /2 -cc-_sm_ -_ esin--_="_
E = 2rsin_ = 2 e .

sin s/ sin CCs
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qoc

sin ---2--

Th. K.-- /,qe

53

Since a displacement of oc s between the slots is n oc s

Kdn for the nth harmonic is Kcln -

qncc

sin ---2---
non

S

q sin--_--

for the nth harmonic,

FRACTIONAL SLOT DISTRIBUTION FACTOR

Refer to the slot star shown in Figure 3 of the section titled"Grouping of

Fractional Slot Windings" and itwill be noted that to determine K d for a frac-

tional slot winding itis necessary to distinguish between the angle between

two slots m s and the angle between two vectors ocm. This latter angle is the

magnetic field angle between the slots of the recurrent group and this angle

determines the phase difference between the vectors. The magnetic field

angle is cc = 180°/Nm where N is the same as in "Grouping of Fractional
m

Slot Windings".

It can be seen from the slot star that the fractional slot winding thus behaves

like a winding with N slots per phase per pole shifted with respect to each

other by the magnetic field angle cc m. Therefore the distribution factor is

No_
m

sin_
2

0_
m

N sin --_-

The general effect of distributing a winding is to smooth out the wave form by

diminishing_ the amplitude of the harmonics with respect to the fundamental.

The distribution of the armature copper loss is also improved.



The distribution factor of the three phase winding is greater than that of the

two phase winding and for this reason the three phase winding is used where

there is a free choice of the number of phases. The distribution factor of the

single phase winding is much smaller than that of either 3 or 2 phase windings

because the winding is distributed over a larger arc.

T... ,,-,.,-..,.,_...,,,,,1 ,,'_,,,,,,1,.,,.")/''.l ,,_ ,1-1i.,..,,,o1,,-.,,1-.-, _...-... --.,,_,1^ -- ..,r.^,,,,i 4.,,., _..4_.,,14.,...,_, .,.,,4,,.._...,,-1^ _1..,.,,._^ _....

chines. The reason for this can be best shown by an example. Let the number

of slots per pole equal 9,

and

sin(9 x

Kd = 9xsin 10 o

and if all slots were wound then oc s = 180°/9 = 20 °,

= ,-_ = . 640

If only 6 slots are wound

sin (6 x 10) _ .832
Kd = 6xsin 10

9 x. 640 1.15 times
Thus, for 9 slots the number of effective turns is only 6 x 832 =

the number of effective turns obtained when using 6 slots, and therefore by

using 50_ more copper with its additional 50% more loss, only 15% more volt-

age has been obtained.
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SKEW FACTOR

It can be noted in the table of distribution factors that some harmonics have

the same distribution factor as the fundamental. These harmonics are called

the slot harmonics and their orders are

n = EK(2mq)_ 1 = K(p-_2) + 1 where K is an integer

The slot harmonics which correspond to K = 1 (slot harmonics of the first

order) are among the most troublesome harmonics in AC machines. Their

influence, as weU as the influence of other harmonics of higher order, can

be reduced by skewing and for this reason stator or rotor slots are sometimes



5.5

skewed. The skewing also reduces the flux variation in the fringing of the flux

at the pole tips due to the slots entering and leaving the polar region. Such a

flux variation oftentimes contributes to noise.

Skewing has the same effect as the distribution of a winding over a larger zone

because it reduces the interlinkages between the field and stator windings.

For slots that have a large number of slots per coil group the path of the vec-

tors being added approaches the arc of a circle, and when this happens the

distribution factor can be expressed as the ratio of the chord AE to the arc

AEand

qCCs 1/2 chord AE
sin --ff-= p

chord AE = 2R sin

arc AE = Rqcc s

qcc s qcc s

2R sin _ sin

Kd = Rq cc s q oc s

If Z _b the arc which the coil group occupies per pole and t
P

then

is the pole pitch

q_ s Z17"
- t _- and K d

P

sin
= P

Z_r

P

Let tsk be the slot skew in inches for a length equal to the core length of the

machine and the skew factor Ksk is
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Ksk =

tsk f/" tsk

.... sin n-2t-- p-

sin 2tpTf (fundamental) & Kns k - tsk 7___.

tsk n- 2tt 2
P P

57

(nth harmonic)

The influence of skewing is nigligible for the fundamental, small for the har-

monics of low orcier, and very considerable ior the harmonics of higher order.

A skew which _ e_Ja!! to one stator slot pitch makes the influence of the dan-

gerous slot harmonics almost negligible.

PITCH FACTOR

Fractional pitch windings decrease the length of end connections, reduce slot

reactance, and provide a means for improving the wave form. They can be

used to eliminate any one harmonic from the voltage wave as well as to reduce

other harmonics. However, they require a few more turns or a greater flux

for the same voltage than a full pitch winding.

Since the two sides of a coil of a fractional pitch winding do not lie under the

centers of a_acent poles at the same instant the voltages induced in them are

not in phase when considered around the coil. The voltage produced is there-

fore less than that which would be produced in a full pitch winding. The voltage

generated in any single turn is the vector difference of the voltages generated

in the two inductors which form the active sides of the turn. If the throw in

slots is y, then (y/mq) x 180° will be the angle of phase difference between

the turns and Kp is then derived as follows:

AB = BC = E; since AB = BC, angle C = angle A, and the bisector of (y/mq) x
!

180° will be perpendicular to AC and will bisect AC into two equal parts E ;

thus

Kp= 9-E'p-E = 'I¢'/E = Sin E(y/mq)x (180°/2)_ = sin (_-q x 90°)

Since the displacement for any harmonic such as the nth is n times the phase



displacement of the fundamental, K
P

/
for any harmonic n is
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Any harmonic can be eliminated by choosing a pitch that makes the pitch fac-

tor zero for that harmonic. Thus to eliminate the nth harmonic it is ordy neces-
..... _.^ _^I_^_. ^ --_-^_ .... i. ,.L_,. _L_/ ..... _ __ ,,,,,_0 ........ .,_^0 ,,,,,,.,0 ,.-,,-.0
o=, y _v o=.=_t _ p.t_,, _u_,, u_t ._y/mq) x _u equa,_ .ou , oou , o._u , etc.

(any multiple of 180°). Eliminating any one harmonic also reduces other har-

monics and the fundamental by different amounts. A pitch of 5/6 wili give

minimum fifth and seventh harmonics and should theoreticaUy give a minimum

additional rotor surface loss under load conditions.
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FUNDAMENTAL OF THE FIELD FORM

The field winding of a round rotor machine is generally made in spiral fashion

as shown. It is distributed in such a manner that an approximate sinusoidal

distribution of flux is obtained. The distribution of MMF produced by the

winding is shown in the lower part of the figure. The center portion of the

pole can either be left solid as in the figure or can be slotted with the slots

left unwound. For the same reason as in the single phase winding the field

winding is usually distributed over about 2/3 of the pole pitch of the rotor.

Assume that the field current is one

ampere and then the ampere turns at

the solid center portion of the pole

will be Nf where Nf is the number of

field turns per pole. The flux density

B at the solid portion is thus:
pc

C 1 BASED ON A ROTOR WITH SOLID CENTER SECTION

Assume that the distribution of MMF is trapezoidal in shape instead of stepped
, •

and let cc = Qr/Qr = number of rotor slots wound/number of slot pitches on

rotor surface; K r = Carter's coefficientfor the rotor slots; K s = Carter's

coefficientfor the stator slots; g = actual value of the single air gap; ge =

Ksg; and r = the radius of the stator bore.

I I
I I
I I
I I
I I

¢ MMFa 3.19Nf "_ "1-__Bpc = a = _a = ge

I _ \

At the slotted portion of the rotor, the
e.o e-de

air gap will be increased by an amount

K r and the field ampere turns will vary as a straight line from 0 to Nf. The

equation of a straight line is mx+ b where m is the slope of the line and thus

Nf = m0 + b. The slope m is calculated to be
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m=x-22 _ whereY2 =Nf;yl =0;x 2=- -(1-co) ;x 1= 0

Nf Nf Nf 0

m =l"f 17" andNf ,IT+ b
- _ ÷ -_ -_ _ - _ '2- cc_

Substituting for the condition Nf = 0 at O = _//2 gives

O= +b

cot

Nf
and b =

d

Thus

Nf = cc_ _-=-d

The flux density at the slotted portion of the pole then becomes

3.1, . __

The equation for the Fourier coefficient A 1 (the maximum fundamental) is

f (8) cos OdO

(1 - o:)'_2 ,._2

,44/ 3.19Nf _ 1.19Nf (1 ___)cos =eA1 ge cos 8dO + Kr ge---'_ -

(1- oc)IT/2



4 3.19Nf (1 - cc) _/2 4

A1 = 7r ge (sin 6)0 +

3. z9Nf f W2

r e _(l_d)_12

4
cos {}dO -

77"
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3.19Nf2 _7T/2
Kg oc
--r-e ._I - cc) _/2

0 cos (}dO

s x d x = cos x + x sin x

4 3.19Nf 4 3119Nf 7T/2

AI = 7T ge sin (I - cc) -_ + Tr Krg e oc (sin O) 7//2(t-cc)

8 3.19Nf Tr/2

- _ R;r_e _c (cos 0 + 0 sin 0)(I - cc)17/2

4 3.19Nf Tr/2 4 3.19Nf 4 3.19Nf

A1 = _ _e sin (1 - oc) + -_ Krg e oc 7r Krg e oc

sin(I- oc)

8 3.19Nf 7r/2 8 3.19Nf 7)"

+ _ Krg e oc cos (I - oc) _ Krg e oc

8 3.19Nf

÷ #2 (I-

7T/2

---_sin (1 - cc)
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A 1 = sin(l-oc) _2 I" 4 3.19Nf 4 3.19Nf 4 3.19Nf cc__r ge rr Krg eoc + 7r Krg ecc (1-

4 3.19Nf 4 3.19Nf

+ _ Krg eoc @ Krg eoc

8 3.19Nf 7r
cos (I- cc) -2-

+ _ Krg e cc

sin (x - y) = sL-.x cos y - cos x sLu y

cos (x - y) = cos x cos y + sin x sin y

sin (i - _) lr-2- = sin - = sin cos

= cos T

7ToC

-- - cos -_ sin ---2-

= sin 77°c
2

TYcc

A 1 = cos T __ 3.19Nfge

4 3.19Nf 4 3.19Nf 4 3.19Nf_

K-'-rg--_ oc + _ Krg e cc- _" Krg e ]

3.19Nf
+ sin -_ /_-_ Krg e _j

Ai= _ _ co_-_ _i



C 1 is the ratio of A 1 to the actual maxium of the wave

64

4 3.19Nf Fcc [-Kr "

A1. rt ge cos T L Kr
+

C1 = Bpc = 3.19Nf

8 3.19Nf

F2Kr oc ge

g_

sin

C 1 = -_ cos + sin T
7r2Kr cc

C 1 BASED ON A ROTOR WITH SLOTTED CENTER SECTION

When the center is slotted instead of solid the K applies to the complete
r

rotor. Therefore, by making K r equal to unity in the above equation we will

get an answer that is independent of the effect of rotor slots and

8 7Tcc
= sinC1 _2oc

When using this value of C 1 it is necessary to include K r in ge and

ge = KrKsg



TOTAL FLUX IN THE AIR GAP
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When a synchronous alternator operates at no load the only MMF acting is that

of the field winding. The flux produced by this winding depends only upon the

current it carries, the number of turns and their arrangement, and the total

reluctance of the path through which the MMF acts. Neglecting the effect of

stator and rotor slots the distribution of the no load air gap flux depends upon

the distribution of the field winding. The voltage induced in the stator coils

,m_o_........ thi_ open ,.i,-,,,,i,............condiUon _.n th._ h,_ Pglr'nlsf_d 9g fnllr'm_R-

Consider a closed loop rectangular

conductor moving down between two

poles as shown in the figure. If it

moves a distance dx in a time dt the

flux interlinkage is;

d0 = (lines/cm 2) (cm 2) ---Bfdx

and the voltage induced in the coil will be

/

d_j ,n-8 dx I0-8 B-6vl0 -8 where v = cm/sec.
e=- -d_-_v = B'_ .--_ =

If English units of B = lines/in. 2, _= inches, and v = ft./rain are used

e = (_x 2.54) = _ B_vl0 -8 volts/coil

The maximum voltage induced per coil in a generator then becomes

1 77"dI_PME max/coil = _ ns Bm_ 10 -8 volts

where Bm is the maximum fundamental flux density at the stator bore and

equals C 1Bg. Thus



ERMS/phas e = Eph = Emax/phase

E E

ERMSqine/= E = E--p-h-x Eph = _ x

nsC 1Bg_77_dRPM KpKdQ10 -8

-y_ 60m
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C W

E - l--d

Eph I/'_" m
and ne = QnsK p

Cw neBg-_/7"d RPM
E = and B =

60 x 108 g

6000E 106

Cwn RPM77"d _
e

6000E 106

0 T = _dfBg = Cwn eRPM

POLE CONSTANT

C BASED ON A ROTOR WITH A SOLID CENTER SECTION
P

The pole constant is defined as the ratio of the average value of the field form

to the maximum value of the field form. This constant determines the actual

value of flux in the machine.

Refer to the section showing the derivation of the fundamental of the field form

and use the same assumptions and wave shape as was used there. The aver-

age height of the one half trapezo 'l will be the area of the curve divided by the

base. Since the base of the one half trapezoid is "if'/2 the average height is:



Average height =

3.19NfKr_e oc / 1- 2e6 d
Tr
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= _ ge (1-co) -_ + _ Krg eve - (1-oc) 7r 2.- _ _/
(1 -oc)

3.19Nf cc 3.19Nf 2 3. 19Nf E_ __
7r

ge ge + _ Krge cc 2 +

2 3.19NfTr 2 2 3.19Nf _2

- _ Krg ecc4 + _ Krg ecc4 (1-oc) 2

3.19Nf 3.19Nf Oc 3.19Nf
m --

ge ge + Krge

3.19N_ 3.19N_
2Krg e oc + 2Krg e cc

3.19Nf2_ 3.19Nf_ 3.19S_
- 2Krg e oc + "2Krge ge

3.19Nf oc

(1 - oc) + .,2Krg e

C is the ratio of the average to the maximum and
P

_. 19Nf 3.19Nf_ 3.19NfCp = ge (1-oc) + 2Krg e ge

= oc
Cp I - oc + 2-___

r

/



C
P

BASED ON A ROTOR WITH SLOTTED CENTER SECTION
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When the center is slotted instead of solid K
r

and K becomes unity in the C equation.
r p

= oc oc
Cp l-cc+_-= I-- 2-

is included in the effective gap

EFFECTIVE RESISTANCE AND EDDY FACTOR

When an electric circuit carries an alternating current eddy current losses

will occur in neighboring conducting media and in the conductor itself. These

losses cause an increase in the energy component of the voltage drop through

the circuit for a given current, which is equivalent to an apparent increase in

the resistance of the circuit.

When a conductor in air carries an alternating current the distribution of the

current over the cross section of the conductor is not uniform. Less current

is carried by the central portions of the conductor than by the outer portions.

Since the loss in any element of a conductor is proportional to the square of

the current it carries any lack of uniformity in the distribution of current over

its cross section increases its power loss and in this way increases its ap-

parent resistance. This is the ordinary skin effect. It is much exaggerated

when the conductor is partially surrounded by iron, as in the case of the stator

conductor of a generator. The difference between the current density at the

top and at the bottom of a conductor in the stator slot may be great unless

something is done to prevent it, especially when the cross section of the con-

ductor is large and it is in a narrow, deep slot.

Consider the slot shown in Figure 4. The flux density will vary linearly with

the depth of the slot and will be a maximum at the top. The flux-linkages will

vary as a squared value and wi 11 be a maximum at the bottom. The flux pro-

duced by the element in the bottom of the slot surrounds this element. It passes



across the slot above the element

and returns in the iron below it.

Only a negligible amount of this

return flux passes through the

slot below the element because of

the high reluctance of the air path

as compared with that of the iron.

The flux produced by the next ele-

ment passes across the slot above

/ S _ °',
/ •

/ ._ _. ",
e ,

I! ! f*' -- -- '•l '_1 .LI

I i

, I "l /m i jl
/ s n"

• • • S" s •

.-.._:3:...

the element and returns in the iron
Figure 4

below the slot. All of the flux produced by both elements surrounds or links

all the elements below it. As a result the number of flux-linkages with ele-

ments increases in passing from the top to the bottom of the slot. For this

reason the reactance of the elements also increases in going from the top to

the bottom of the slot, and since the current in the elements will divide be-

tween them inversely as their impedances, more current will be carried by

the upper elements than by the lower ones. This condition thus leads to addi-

tional losses in the upper strands and the ratio of the total losses in the slot

to the conventional I2R loss is defined as the eddy factor.

0g

The formula for the losses in a thin sheet of material, neglecting end effects

and circulating currents between strands, is given by Puchstein and Lloyd as

Watts/in 3 =

wherep =

B
m

f

hst

7r2hstf2(Bm)2

16
6)o10

resistivity in ohm-inches

= maximum value of sine wave density in lines/sq, in.

= frequency in cycles/sec.

= height of uninsulated strand (Figure 5)



3.19NI 3.19 _nslC

Since B = length ; B = b ; where n s
S

= conductors per slot and

Ic
m

density at the middle of conductor 1 of (Figure 5).

= amperes per conductor. B being a straight line function will give a

n S - _ n S

Bml = Bm n = Bm _Bm n-sq

At the middle of conductor 2

__ns- 1.5 ) _n 1)

And at the middle of the nth conductor

from the top

\ B

! 3

! 4

[ 5

[ 6

['' 7

I 8

2 I

!

I

I
]
]

I

b
S

Bm n=Bm s-(n-_l=Bm s

L_ ns .A
Figure 5

 -n)sB m n s

Thus for the nth conductor

3. 1972 Icn s
B =

mn b
S

nS

n S

and the AC Loss/in. 3
_72hst f2

" ..... X

621016

Rewriting and making the approximation

192(_-_)2 2 In _ 2n- 1-]
3. Ic2ns s

bs2 L _s---_-J

s J= ns

7o



WATTS/STRAND -
9.86 h2 f2

st

6_I016

2 2
20.38I n

C S

x 2
b

S

n -

_'ast

where ast - strand area and _ = core length

WA'I'I_/;_ll_IJJ :

3.35 h2st f2Ic2ns21Past (ns - n)2

1015bs 2jo 2ns

AC Eddy Loss + DCI2R Loss

EDDY FACTOR is defined as DCI-_R Loss

71

E.F.-1 = AC Eddy Loss + 1 - 1 = AC Eddy Loss
DC Loss DC Loss

DC Loss per strand = I2R = Ic_ a_ t

Thus E.F.-I = _ _ -Ic 1oTM

F_h2stns2ast _ (n s - n) 2

L_J n s2

This equation gives the eddy factor for the nth strand from the top of the slot.

Therefore, calculating the values of EF-1 for the different positions gives:

2 3.3 5f2h 2. n 2a2.

EF-I=K(n s-2nn s+n 2) whereK= st s st



= K (64 -

= K (64 -

= K (64 -

- K (64 -

= K (64-

= K (64 -

- ..v (64 -

- K (64 -

16 + 1) = 49K for the first strand

32 + 4) = 36K for the second strand

48 + 9) = 25K for the third strand

64 + 16) = 16K for the fourth strand

80 + 25) = 9K for the fifth strand

96 + 36) = 4K for the sixth strand

119+ =
J.J.i.l -z_) JL_ A_JJ. LAA_ _V_;AIU.| OLJLt_.III.A

128 + 64) = 0 for the eighth strand

Plotting these values of EFol vs. strands in depth gives:
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K

50

40

30

2O

10

0

0 1 2 3 4 5 6 7

STRANDS IN DEPTH

Integrating this curve and dividing by the base will give the average EF-1 of

the slot

_ff2h2 n2a 2] _oo n

1 3.35]° s t s st I 1 s 2

(EF-1)avg = _ss x _ L ]ns---_ (ns- 2nns+ n2) (in

Ff2h2.n2a 2. 2n2n 3 s

_ 3.35 I.. st s st _ 2 s"2 2 s n 2 +
-  o-- Lbs? _ n s o
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1 B-35 f2h2n 2a2 -1

For the general case EF-1 -- K
(r";,";=';tkI

,dp U
Thus it can be seen that the average eddy factor for the slot is 1/3 of the

maximum, and in a similar manner it can be shown that the constant K in the

general case will be equal to the following values for other parts of the slot.

EF-1 K

Top strand 1.00

Top 1/2 of slot .584

Bottom 1/2 of slot .0833

Bottom strand .000

Average over slot .333

The above derivation will give the eddy factor when each conductor in the slot

consists of a single strand, but sometimes this type of coil will result in eddy

currents of large value. If the eddy factor is large it can be reduced most ef-

fectively by laminating the conductor into several strands per conductor.

When this is done, however, it will cause circulating currents to flow through

the strands due to the differences in flux density in the various depths of the

slot.

Consider Figure 6 which represents the slots containing a two conductor coil

with two strands in parallel for each conductor. Any flux which links one

strand and not the other will generate a net k:MF around the loop of the strands

which are shorted at the ends of the coil. This will cause a circulating current



to flow. The density between any two strands of a conductor will be

\_2n s-2ns n)Bm_ where n is the number of strands from the top of the slot.
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In the usual diamond type of coil the A strand is always above the B strand in

one slot and always below the B strand in the other. Since the strand which is

J .... -_,, 1-- !-A-- 1'1 J _-_ __ JL1L J.1L _ A.1L_

on tup wul be in _ ,ur_r Llu_ uen_lty u_m u_ utt_ nt u_ bottom, A -"" " .....WAAL LI_Vt_ _t

higher induced voltage in it in one slot and a lower one in the other slot. These

two effects tend to cancel each other so that the total flux tending to circulate a

current is the difference between the sum of the fluxes in each slot, and the

total flux causing circulation will be

E_. Bm between A and _ x Earea between the fi of the strands _

2n +3-n
S S

Bm 2n s

2n +l-n
S S

B
m 2n

S

3
B m_-

S

1
B m_rg-

S I

B
m

Figure 6

Assume that the density found between conductors will remain constant over

the upper strand. Then the flux tending to circulate current in the coil when it

is in the top of the slot will be

2n s + 3 - ns)
2n s + 1 - n s + 2n

Bin\ 2ns s



and the flux when the coil is in the bottom of the slot equals

Thus Z Bm between A and B is

_2n +l-n

+

2n
s

+3-n\ / I _ \_

2ns s

13+ + + - = B +

/D

It is to be noted that the factor I/2 appears ns/2 times, and this will be true

for all cases of two strands per conductor. Therefore the total flux causing

circulation will be

ns 1 '
_m =Bm _ x _x hst x _ -

I

Bmnshst

4

Since B =
m

3.19_" Icn s

b
S

2'
3.19_ Icnshst

4b
S

4.44f0mN

108
The formula for voltage generated is ERM S -

ber of turns. Since the _m just derived is the total flux causing circulation in

a single coil the N in the voltage formula becomes unity because the coil as a

unit has been under consideration. Substituting _M in the voltage formula

gives the voltage tending to circulate current and

where N is the num-

v

T n h 3.19.]_-
"Y2 f "c"s"st

ERM S -
10 _- 4b s



The resistance of the loop will be the sum of the strand resistances in series

because all of the strands contribute resistance to the circulating current and

76

Rloo p =jo _ (2_t) (Nst/2) 2_tns
ast as t

where Nst = number of strands per slot = 2n s

E__ "19_flcnshstEddy Current Loss = = ast

2b 108 _o_°tns
S

2 3. '2_.2
3. 1927T2f2I c n s nst-C ast

.=.

8 tbs 2 1016

EF-I =

where R c

AC Eddy Loss
DC Loss I3 192_-2f21 2 n 3h'2-2 a -]

= . 71 c s st _ Stlx. ,1

J
2ns t ns t

= conductor resistance =p 4ast =)o 2ast

EF-I =
3. 192_2f2ns 3 '2

hsi_ast x 2ast

8_tbs2_lO16 _tns

3. 192_ 2

4x1016

since a c = 2ast

EF-I
100.4

m

4xlO 16

2 n 2h'2 a 2_

s st c|

_t2,p2bs 24 J

_2



3h2st

Multiply by 3h-_st

and
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3.35 3 f2ns .st c

L S ._ L--

The above derivation has been based upon a conductor with two strands hn

depth and the 3/16 component of the resultant equation is for this case only.

By Kirchoff's laws it can be shown that for the general case this part is equal

N 2 - 1
st

to 16 where Nst is the number of strands per conductor in depth.

For example, with the two strands per conductor case the loss per strand will

be:

E
I l=2R

E 2 E 2

Total loss = I12R = 4R--_ x 2R = _-_

E 2

Loss per strand = _-R and by the

N 2 - 1
st

formula the loss is multiplied by the16

3

factor 1-6

R

E R

I 1 + 12

With three strands per conductor

E+I1R-I2R = 0 and E -- I2R-I1R

E+i2R+ (i I+I2)R = 0

andI2R - I1R + I2R + I1R + I2R = 0



from which 12 = 0

Total loss = II2R + 0 + II2R = 2112R
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2E E

11= 2R- R

....2 __2

Total loss - 2E- ZE-

Loss per strand =
2E 2

3R

Comparing the toss per strand for the two strand and three strand cases gives

" 3 strand loss 2E 2 4R 8

Ratio of 2 strand loss = 3R- x _ =

and similarly, by the expression

N 2 - 1
st

- the ratio between the cases is 8/3.
16

By similar COml_arison with any number of strands in depth the designated re-

lationship can be proven and therefore the circulating current component of

the eddy loss is

The total eddy .factor is the sum of the eddy loss and the circulating current

components.

_ (3.35_[fhstacns_ 2 (3.35//N2st- 1/'(_ht_ :l/fn ah t/

\10_/\ Us )_ / \lO''/\ "" / \_t"st/ \ 1_ "s /

2



EF-I= l+

7 _)

DEMAGNETIZING AMPERE TURNS AND DEMAGNETIZING FACTOR

When a generator is loaded an MMF is produced by the stator current which

mt_dlfi,'-_ th_ fhLx th_t th,', fJ_lr_ t-.1,r_en* J_ _rnrh,t, lntr O_v.t n¢ th,_ fl,,v nr_d, Tr.,'-d

by this stator current combines with the flux due to the field winding and gives

a resultant flux which links both the stator and field windings. This component

of the stator current MMF is known as armature reaction and only this part is

under discussion in this section.

The field winding of a round rotor generator is always distributed and pro-

duces an MMF that is nearly sinusoidal in its space distribution. Likewise,

a distributed stator winding also produces an approximate sine wave of MMF,

the wave more nearly becoming sinusoidal as the number of slots and phases

increases. If the harmonics in both MMF waves are neglected the two waves

will always add to give a resultant wave which has a sinusoidal space distribu-

tion. This follows from the fact that any two space sinusoidal waves of the

same wave length always add to give a resultant wave which is a sinusoid and

is of the same wave length as the components.

Since the air gap of a round rotor machine is uniform, except for the effects

of slots, the shape of the resultant MMF wave is independent of the direction

of the armature reaction with respect to the field axis. Therefore, the arma-

ture reaction produces little field distortion. It affects only the resultant field

strength and displaces the axis of the resultant field from the axis of the field

poles.

The demagnetizing ampere turns are defined as the field ampere turns neces-

sary to balance out the MMF of the stator winding. It is therefore necessary

to calculate the fundamental of the stator MMF and convert this value to terms
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of field MMF. To calculate the fundamental of the stator MMF first consider

a single phase, two pole generator with a concentrated stator winding.

MMF of the stator winding under

this condition is constant in its

The

space distribution over the coil

area and can be represented by

rT_IL _

a rect_guhr w_v_. ,._ _,upu-

tude of the fundamental of the

Fourier series which represents

a rectangular wave is 4/Trtimes

v \ A
I\ /I

the amplitude of the rectangular

wave.

Both the rectangular wave and the fundamental vary sinusoidally in magnitude

with time but they are stationary in space with respect to the stator coil. The

fundamental of the wave can be represented by an oscillating vector which

lies along the axis of the coil and which has a maximum length equal to the

maximum value of the fundamental.

Let the oscillating vector be replaced by two equal and oppositely rotating

component vectors. These two oppositely rotating vectors represent oppositely

rotating MMF waves, each of which has a constant amplitude equal to one-half

the amplitude of the original MMF wave. Both of the vectors revolve at syn-

chronous speed with respect to the stator, with one vector stationary with

respect to the field poles, and the other at double speed with respect to the

poles.

The amplitude of the rotating components will thus be

1 4 nephIMKd

- 2 -- 2P
FDMph 7T

ampere turns per pole/phase

where IM - max. current, and neph = total elf. conductors/phase

_3



SinceI M = 2Iph

= 1 4 nep__hhI(2 Iph K d
FDMph 2 77" 2p = p

(turns - conductors2 )

• 45 neph Iph K d
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In a polyphase generator under balanced load it is found that the forward ro-

tating parts of the space fundamental mmf of armature reaction add directly,

while the bac_kward rotating rmrtq nf th_ fllncl_m_nt21 cance 1"one another. The

net fundamental mmf of armature reaction is thus a purely rotating wave whose

amplitude is 3 FD_ h''p Thus for polyphase machines

• 45neIphK d

FDM = p

The amplitude of the resultant fundamental sinusoidal component of the MMF

produced by the distributed field winding is

4 NfIf Kdf Kpf ampere turns per poleFfffi 

where Kdf and Kpf are the pitch and distribution factors of the field winding.

Since the field has a spiral winding the axes of all field coils for any given

pole coincide, and in this case the distribution factor is unity.

Thus

4

Ff = _ NfIfKf avg.

where gpf avg = the average pitch factor for the field coils.

The same result is obtained if the field winding is assumed to be replaced by

a full pitch distributed lap winding with Q/p slots in a belt of conductors.

In this case

4
F_ = _- Nf If Kdfz II

Therefore, to obtain the value of demagnetizing ampere turns due to armature



reaction,

the factor

Thus

in terms of field ampere turns, it is necessary to multiply FDM by

77" , and this factor is known as CM, the demagnetizing factor.
4Kdf

FDM -- p
• 45 ne CMIphKd
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The factor C,. can either be obtained by (1) calculating the average field pitch

factor, or (2) the field distribution factor, or (3) by using the formula (from

Kilgore's paper)

2
IT oc

C M -- -g- sinTra
2

To illustrate the calculation of

C M by the various methods con-

sider the following example:

Number of rotor slots = 48;

Number of slots wound = 40;

Poles = 4

2
"rr 833

(3) cM - T x •
sin 75 °

- 1.061

I
_i

/:

I

1io5°- ,

= 165° =

(2) Kdf :
n sinCCs

(where oc
S

-- angle between slots

 m-Oox ) • 966
= _;

7r
CM = 4 x .740

= 1.061Kdf =
10 sin 7.5 °
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(1) Coil Spreads

45 °

75 °

105 °

135 °

165 °

Pitch Factor

sin (1/2 x 45 ° ) = .383

sin (1/2 x 75 ° ) = . 609

sin (1/2 x 105 ° ) = .794

sin (1/2 x 135 °) = .924

sin (1/'2 x 165 ° ) = . 991

3.701

3. 701

Average t,Kf = 5
= . 7402

7/"

CM = 4x.7402 = 1.061

The effect on the field of a given number of ampere turns of armature reaction

for any fixed load and power factor depends upon the ratio of the ampere turns

of armature reaction to the no load field ampere turns. To reduce the effect

of armature reaction this ratio must be decreased. This may be accomplished

by increasing the radial length of the air gap or by increasing the saturation

of the magnetic circuit. Neither of the changes affects the armature ampere

turns for a given load but both decrease the permeance of the magnetic circuit

and make an increase in the field ampere turns necessary in order to maintain

the same flux. The higher the degree of saturation the less is the effect of a

given number of ampere turns of armature reaction, but high saturation in the

field circuit increases the field pole leakage. Increasing the length of the air

gap has a similar effect so far as armature reaction is concerned, but it does

not increase the field leakage to so great an extent as does increasing the degree

of saturation of the magnetic circuit.

For unbalanced load conditions it is important to note that the armature re-

action is neither fixed in magnitude nor in direction with respect to the poles.
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LEAKAGE REACTANCE

In addition to the demagnetizing action of armature reaction there also exists

a voltage drop due to the leakage fluxes. The lines of leakage flux go partly

across the slot from one wall to the other (slot leakage), partly from tooth top

to tooth top, (tooth tip), partly from phase beR to phase belt (zig zag), and

partly in the end windings (end leakage). Each of the leakage fluxes is directly

proportional to the current which produces it because its reluctance is princi-

pally in air.

Consider first the slot leakage flux. This flux includes all the flux which links

the portion of the conductors that are embedded in the iron, but which does

not enter the air gap. Assume an integral slot, full pitched winding, and as-

sume that the flux passes directly across the slot. The effect of the notches

at the wedge will be neglected and the current density in the conductors will

be assumed constant. Also, for simplification, the distance between the top

and bottom coil will be assumed negligible.

The flux produced by the element in the

bottom of the slot will surround this ele-

ment. It passes across the slot above

the element and returns in the iron be-

low it. The flux will thus encircle part

of the coil plus all of the slot above the

coil. For the part above the coil the flux

will proportion itself equally over the

distance hl/2 + h2, and since the inductance L equals

per inch of core length for this part is:

V ---bs
__Am

3.19n2a
S

4_10 8
the L per slot

L ...

3.19n2s (hl/2 + h2)

4b 10 8
S

For the inductance of the part of the coil itself consider the element dx enclosing



part of the conductor. The L per slot per inch of core length for this part will

N 2 n b

3.19 _ x s s
be equal to __ x and sinceN x = hl/2 -_- andR x = _]_ then

8_

23

L1/2 x2n2dx 3.19nshl/2 3.19n 2
3.19 s s hl/2

.2 ,. - . 8.2 ,,_ , = ,,_ ,^8 XT
10 J/o nl/2 ,iv s zu nl/2_Us o -iVslU

and the total inductance of the bottom coil side is

108. _b-_sL B - 4bslO- 8 1//2 + h2 + - +

In the same manner the inductance of the top coil side will be that due to its

own current plus that due to the flux in the part h 2 above the coil and thus:

LT
= h = _12b s +4bs108 + 108

._,

Since a full pitched winding has been assumed, the currents of both coil sides

will be in phase in all slots and the mutual inductance in the top coil due to

the current in the bottom coil will be equal to that in the bottom coil due to

the current in the top. Thus L M in the top coil due to i in the bottom coil will

be

3.19n2s
L M = E

4 10 8
current in the top coil enclosed by the flux from

the botto_



At the distance x the current enclosed is

.86

For the portion above the slot

ej

310o:L M =
10 8 .....

as in the previous cases.

f- h2

I
-VII llllllll// l l l/l lll /lll A

x N I I I i N h112

IIIllllllLIlllllllll/l/l[

Therefore, since total inductance is L T

per slot per inch of core length is

LB 2L M
the total inductance

L ..

Since the portion of the slot between the coils has been neglected it can now be

included by making hl/2 in the above derivation equal to

h 1

"2- and the formula for L will then be:

L

The tooth tip and zigzag leakage components have been derived by Kilgore with

flux plotting methods and these have been determined to be

b_n2s-_ 19 ._h n2.q 1Q...... t"s ....
and

lgtsglO 8 tsl08
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Adding these to the slot leakage portion gives

L _.

3.19n2 s h 1 h 2 b t --

10 8 + bss + 16tsg + ts

The above derivation has been based upon a full pitched integral slot winding.

machines, the currents in the two coil sides in a certain number of slots will

be out of phase and the coefficient of self inductance will be smaller than for

the full pitch case. For the slots in which both the bottom and top layer belong

to the same phase the conditions are the same as for full pitch. Both coil

sides carry currents of the same phase and ti_e phase angle between the cur-

rents is zero. In the slots in which the bottom layer and top layer belong to

different phases, the phase angle _ between the currents is not zero and the

mutual inductance between the two layers will be reduced. The reduction fac-

tor is equal to cos_.

Two reduction factors have to be used:

conductors lie, and Kxt

K _"_r *' e slot part in which the
xco

for the part above the conductors. Thus L becomes

3.19n 2s hl o t "
L=

10 8 co + +

The factors Kxc o and Kxt will vary according to the percent pitch and when

they are derived they are found to be independent of the number of slots per

phase per pole. Hence, since they depend solely upon the percent pitch, they

have been combined into a single factor K x which is reasonably accurate for

most machines. It is determined as follows:

Kx - 4 . m--q + 1. for three phase machines

Kx = m_q for two phase machines



Therefore the leakage inductance per slot finally becomes
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3.19n 2
S

L - K
108 x

h I b t .

+ _ + 16ts----g + ---_s /

and the per unit reactance per phase will be

X = 2_fL Q_ Iph
s m Eph

where

AIFd

Iph = QKpn s

Eph - 1 nsCiBg _ _dRPM
60

10-8 Qm KpKd

(see total flux derivation)

X
S

Z

27FPRPM 3.19n2s KOcA77dl/2 60 108m_

m1 .0X08QZpn n CXBg  dRPMQ%Kd
h I bt .35bt._ Y_

÷_+ 16tsg + Fss -)

Substituting Q = pmq

2 0pAmK x h 2 h I b t "

Xs = _d _ bss +_ + 16tsg + ts / --_

K x AK d

Let C x = __d and since _ = Y'2 C iBg
P

X
S (bss 2 .35b t )

20 h2 hl bt +

= _ECx m---_ + .3-_s + 16t _---s v s /
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Many attempts have been made to determine accurate formulas for the end

winding leakage reactance, but the one that appears to be most promising for

small machines is the one proposed by E. C. Barnes _u AIEE Volume 70-1951.

Expressed in per cent notation this formula will be:

where is proportional to the pole pitch and is taken from Graph No. 1

and K E is proportional to the ratio of the calculated L E to the L E of Graph

No. 1.

]/ calculated L E

calculated LE

and K E = _'E from Graph #1

(for d below 8" diameter)

(for d above 8" diameter)

Since Iph =
CATTd

QKpn S

and Eph =
nsC 1Bg_7;d RPM QKpK d

_V2 C60M108

%XE= 6.28f (C) 2

Multiplying by rdd

q2Kppm[ _-_]KE_ UQKpns

pRPM
and substituting f -- _ ; X" =

"62 60108mc ]

Bg_7?d RPM QKpK d ,0 _JnsC 1

100AK d

T22C 1Bg

Q
;q-

pm

gives % X E =X
2 x 60 _ 2n

pm

6.28 FQELE]

2 x 60m



REACTANCE OF ARMATURE REACTION

9O

Since the shape of the resultant M_F wave is independent of the direction of

armature reaction the effect produced by the MMF's of the field and stator

windings can be found by treating the two forces as if they each acted alone,

and thus the forces may be replaced by the voltages they would cause if acting

separately. If this substitution is made the voltage due to armature reaction

and this is called the reactance of armature reaction. It is not an actual re-

actance but under steady operating conditions may be considered as such in

order to simplify the methods of calculation. It is in phase with the voltage

drop due to leakage reactance IphX_, and the sum of these two reactances is

the synchronous reactance X d.

If the effect of saturation is neglected the saturation curve becomes a straight

line, and then any change in flux with its corresponding change in voltage,

produced by any change in MMF is proportional to the change in MMF. Thus,

if an unsaturated condition is assumed, the reactance of armature reaction in

per unit value can be seen to be the ratio of the MMF of armature reaction to

the MMF required by the field to force the flux across the air gap, or

FDM

Xad = Fg (percent)

..I K_ B ge
_neCmphu and F = g

Since FDM = 7FP g

Xad =
"_ neCMIphK d 3.19 Y2 C 1 6.38 neCMIphKdC 1

7rpBgg e x -C 1 "_ 7FpBg geC 1

Iph A_d _ _d <fromA IphnsKp :_ndt s _Td_
QnsKp e -- : ts : _ /
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and X =

Xad =
6.38 dA 7FneCMC 1Kd

ne_PgeBgC 1

= X _aCMC 1

ROTOR SLOT FLUX

Consider the rotor of Figure 7,

and since {bT is the total flux

that would exist if the gap den-

sity were uniform and equal to

the maximum density, the por-

tion of the total flux leaving

each pole center will be

I' ¢

I I I

t I I
I I I
I i I

_ I I

] L

m

I
I
I
I

m

FIGURE 7

Qr - Qr + P 0T

Qr x--_--= Ogp

Consider the slot in Figure 8 and

assume that the flux density will hr2 "_

vary directly with the depth of the

slot, being a maximum at the bot- hrl

tom of the bottom conductor. The I

permeance of the leakage flux

paths per inch of core length per

slot will then be

_--b r

d

-r 1

! I
v I

_t i

FIGURE 8
B----_

hr2 1 hrl
b for the depth hr2 , and _ -_- for the depth hrl.

r r

tors for tooth tip and zigzag leakage gives

Including Kilgore's fac-



/kr
per slot = hr2 hrl "35btr--+ 3.19

+ _ + trs
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Since there are two leakage paths per pole, with one half of the slots per pole

in each path, the total permeance per pole is two times the permeance of one

of the paths. Permeances in series are added the same as resistances in par-

a!]_l _nd th,,.q

1 1 2P)_r/slot

_Ar per path = 1 1 = 1 Qr/ - Qr
+ + ....

/_ r/slot /k r/slot 2 /slot

and the total leakage permeance is

2 X 2p I_ hr I . 35btr 2__rgs_
- +

_Ars Qr x 3.19 + _ + tr s

The MMF acting across the leakage paths is the sum of the gap and stator am-

pere turns and the slot leakage flux per pole becomes

_s = _g + Fs_ _rs_r

and the total flux per pole is then (_gp

DERIVATION OF FLUX DISTRIBUTION CONSTANT Cf

Cf is the ratio of the interlinkages with the field to that which would be pro-

duced with a uniform gap and a concentrated field winding.

Cf
Rotor interlinkages with its own flux

Max. interlinkages of a concentrated field winding



Cf BASED ON A ROTOR WITH SOLID CENTER SECTION
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Assume that the field current is one ampere and then for a concentrated field

winding the flux will be

(Area _ _tr_
0 = (MMF) _---_/ = 3.19Nf K-_

and the maximum number of flux linkages at the unslotted pole center are

3.19  N 
Concentrated {bNf =

Ksg

In the solid pole center portion of the machine the flux will be equal to

3. 191rr{Nf
0 = (1 -cc)

Ksg

and the flux linkages will total

3.197rr[N 2

CNf= Zsg (I-

For the slotted portion of the rotor refer to the derivation of the constant C 1

and note that the ampere turns acting = _- - -- Thus at an element

where 0 = dO the flux will be

dO =
3.19r_dO Nf

(1 20

KsKrg cc

and the sum of the flux linkages for a complete pole pitch will then be
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3.KsKrgl9r_clOF_Nf[_cc(1--_-_

2

6.38rtNf / _'/2

KsKrgCC2_. -
(1-_) _,/_2

/ 48 462'_ a.
fl ___

_- 7/-+7-/.21 -_

6.38rt0N 2

_f- _. _-_
KsKrg oc

- (1 - cc)1r/2 -T(1-=7)

(1 - 1 + oc) (I- l+2cc-cc 2)

4 .3
+ _ --_ ( 1 - l+3oc -30c2÷oc

6.38r_N 2

_Nf - KsKrg 2 b oc Troc
(2 - cc) +'_cc-g--

_Nf = 6"38r_N2 _lTcc
KsKrg cc 2

7Tog
(1- 2+oc)+ (3 - 3oc + oc2_
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ECNf = 2
KsKrg cc

(-3 +3cc+3- 3cc+cc2)_

6.38r_N 2 3 19.r_N 2

_]_Nf 7r cc2 " cc
= KsK r g cc 6 = g K s 3K r

3. 197rr_N2f 3.19.r_ 2

Total _Nf = (1 - cc) +
gK s gK s

3.19"0"r_N 2 oc

= (I- cc + 3--K--)
gKs r

c£

3K
r

Cf = Kg 2 x 3"19Yr_N2 cc+ cc )
3.19_rr_Nf _ (1-

O_

Cf = 1-cc+ K_---
r

Cf BASED ON A ROTOR WITH SLOTTED CENTER SECTION

When the center is slotted instead of solid K r is included in the effective gap

and K r becomes unity in the Cf equation.

cc 2cc

Cf = l-oc+-_-= 1



SYNCHRONOUS REACTANCE

When a generator operates on a steady state symmetrical short circuit condi-

tion its terminal voltage is zero and its saturation is negligible. Since there

is no terminal voltage the net stator linkage must be zero, and thus the stator

linkage due to its current acting alone must be exactly equal and opposite in

direction to the stator linkage due to the field current acting alone, if the field

current were acting alone with the stator open-circuited a certain terminal

voltage would exist, and since the armature linkage has the same value as the

field linkage, the voltage which must be applied to produce the stator current

must be exactly the same as the terminal voltage induced under open circuit.

Therefore the unsaturated synchronous impedance is the ratio of the phase vol-

tage on open circuit resulting from a certain field current to the steady state

short circuit stator current resulting from the same field current. Further,

since the value of the effective resistance is usually very small in comparison

with the reactance it can be neglected, and the impedance and reactance are

then equal. Thus

E (open circuit) ohms
Xd = I (short circuit)

and since the voltage drop due to the stator current is due to the fictituous re-

actance Xad and the actual reactance X_

X d =Xad + X_
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TRANSIENT AND SUBTRANSIENT REACTANCES AND TIME CONSTANTS

Figure 9 shows the short circuit current in one phase of a three phase alterna-

tor that has had all three phases shorted when operating at no load. The line ef

drawn midway between the two sides of the envelope is called the direct cur-

_A_t, _v_jL,,es,la&%,,a4Ll. L4t,.u.sa. A_f,4.t..a s.A_,lk.lL%,,_. %.,J.AL. *.aAL4._:)a.a._._l._S.,I.,J _l.mA I,AA%., L*aAJ. %,_ _JJ&JI_4.&._S.,L._. A. AJ&q_; _JL,ILV_A%,I.LJI_"

of the alternating component is redrawn in Figure 10 with its axis horizontal,

i.e., with the direct current component eliminated. The alternating components



are the same in all three phases. When an alternating voltage is short cir-

cuited through an inductance and a resistance in series, the short circuit cur-

rent will consist of two components. These components are the unidirectional

or DC component which decreases logarithmically to zero, and an alternating

component which is fixed by the voltage, the resistance, and the reactance of

the circuit, and is constant when the resistance and reactance are constant.
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In the short circuited generator the reactance is not constant until the condi-

tion equivalent to synchronous reactance is reached. When a sudden change

occurs in the stator current the armature reactance is no longer constant,

and under this condition voltages are induced by the changing armature reac-

tion in the field winding, and in any other closed windings on the field structure.

As the stator current builds up the voltages of the field structure will build up

simultaneously, tending to maintain constant the total number of ampere turns

acting on the magnetic circuit. These voltages cause transient currents in

these parts.

In a polyphase generator the alternating components of the short circuit stator

currents produce armature reaction which is fixed in direction with respect

to the poles but decreases from an initial value to a final value fixed by the

steady state short circuit currents. To balance this increase in armature re-

action there must be an increase in the field current. This increase in field

current is in the same direction as the initial field current since the armature

reaction caused by lagging currents is demagnetizing. The change in field

current decreases and becomes zero, when steady state conditions are reached.

The De components in the stator currents produce a resultant MMF which is

fixed with respect to the stator but has fundamental frequency with respect to

the field. To balance this the field current must contain an alternating com-

ponent of fundamental frequency. This alternating component in the field cur-

rent produces an MMF of fundamental frequency in the air gap which is fixed

in direction with respect to the field poles. This MMF can be resolved into two

oppositely rotating components, each of which rotates at synchronous speed
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with respect to the stator. The component which rotates in the direction of the

stator balances the stator MMF caused by the De components in the stator cur-

rents. The oppositely rotating component rotates at double synchranaus

with respect to the stator winding and must be balanced by second harmonic

components in the transient stator currents. All except the fundamental alter-

nating components decrease to zero when steady state conditions have been

reached and the fl±udamental alternating components become the steady state

short circuit currents.

Consider the elementary generator shown in Figure 11. The stator winding is

open and the rotor winding is excited by a De current of magnitude If. At the

time t = 0, when the axes of both windings are perpendicular to each other, the

stator winding is suddenly short circuited. As stated previously the total flux

interlinked with each winding under this condition will remain constant. Thus

the total flux interlinked with the field winding at t = 0 will consist of two parts;

one part going through the path of the main flux, and the other part going through

the leakage path of the rotor. The total flux interlinked with the armature at

t= 0iszero.

During the time t the rotor moves through an angle a = wt and this produces a

current i a in the stator winding and also forces a current if to flow in the field

winding in order to sustain the field flux interlinkage. The transient currents

i a and if are determined by the angle a as well as the leakage fluxes of both

windings and they become a maximum when a = 7T/2, a quarter period after the

short circuit occurred.

It can be shown that the maximum transient stator current is determined by the

equivalent circuit of Figure 12, and the reactance that corresponds to this cir-
!

The field reac-

4,_2 ,AF
X F = X ._M

cuit is the direct axis unsaturated transient reactance, _f-du"

tance, XF, is given in Kilgore's paper as
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and therefore the unsaturated transient reactance becomes

X_ _ Xad
\

Xdu- +xF )kXF+Xad

The saturated transient reactance has been determined empirically and is ap-

proximately 88% of the unsaturated value.

In the determination of the transient reactance only the field winding of the

• lJv-_:o_ v- ,, _uu.y

currents are possible in the rotor iron, subtransient currents similar to the

transient currents of the field winding are induced in these circuits. These

circuits will support the field winding for a few cycles and therefore they have

to be considered as acting in parallel with the field winding. The equivalent

circuit for this case is shown in Figure 13. XDd is the leakage reactance of

the damper winding and eddy current circuits together in the direct axis, and

per Kilgore's paper

XDd = ZX_/_Dd

where XDd = d + _d + hr

is a depth of penetration factor and varies as

cyclesand(_/ (1.9-1 at4O0eycles.

fore

Xd=x? + XDd

It is equal to 1.2 at 60

The rate of decrease of the transient and subtransient currents will be deter-

mined by the time constants of the windings involved. The damper winding

and eddy current circuits have much larger ratios of resistance to leakage

reactance than the field winding and therefore their influence will be much

shorter in duration than that of the field winding. As a matter of fact, the

damper winding and eddy current circuits influence the currents only during

The subtransient reactance is there-
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the first few cycles. The field winding determines the decrease of the ampli-

tudes for a much longer time. The change of the _miwlR1_s during _ _'hor4

circuit period is such that the amplitudes are determined first by the subtran-
W !

sient reactance X d' then by the transient reactance X d' and finally by the

synchronous reactance X d.

The total se_lf inductance of the field wi_ndi_ng is

..2 .

r_ fP[r t

where Cf is the ratio of the interlinkages of the field with its own flux to the

maximum interlinkages that would be produced with a uniform gap and a con-

centrated field winding.

The time constant is the time in seconds required for the particular component
f

to decay to 36.8% of its initial value. The time constant Tdo is the time con-

stant of the field winding with the armature circuit open and with negligible

external resistance and inductance in the field circuit. Therefore, the open

circuit time constant is

, Lf

Tdo = _f

The armature time constant is the time constant of the De component and is

X2 _ stator I2R (KW)
Ta = 2rrfr where r a rated KVA

a

f

The transient time constant T d is the time constant of the transient reactance

component of the alternating wave and with good approximation is

t

, X d ,
T,_ - v T,_^

M

The subtransient time constant T d is the time constant of the subtransient
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reactance component of the alternating wave and is approximately. 005 second
ff

for 400 cycle machines. (from tests of 60 cycle machines T d _. 035 second or

2. I cycles).

POTIER REACTANCE

Tho iorrnin_l vnlt_o nf _n _itorn_tnT- lmrl_r la_rl rli(f_-q (;-rim it_ nn,_n rlrr!li#

voltage at the same field excitation. This difference is due to a voltage drop

through the armature caused by leakage reactance, armature effective resis-

tance, and armature reaction. The relative importance of the three factors

depends upon the power factor of the load. With a reactive load at zero power

factor the decrease in the terminal voltage is due almost entirely to the arma-

ture reaction and the armature leakage reactance. Under this condition the

effec_ve resistance drop is in quadrature with the terminal voltage, and since

it is small in magnitude, it has little influence on the change in the terminal

voltage caused by a change in load. Likewise, the resultant field FNL is ai-

most exactly equal to the algebraic difference between FNL and FDM , and the

terminal voltage E is nearly equal to the algebraic difference between E and
g

IphX. Under these conditions the armature reaction subtracts almost directly

from the impressed field and the armature leakage reactance drop subtracts

almost directly from the generated voltage. It follows from this that ff an open

circuit characteristic OB, and a curve CD are plotted as in Figure 14, show-

Lug the variation in the terminal voltage with excitation for the condition of

constant stator current at a reactive power factor of zero, the two curves are

so related that any two points, as E and F, which correspond to the same de-

gree of saturation and consequently to the same generated voltage, are dis-

placed from each other horizontally by an amount equal to the armature reac-

tion and vertically by an amount equal to the leakage reactance drop.

GF represents the armature reaction in equivalent field amperes and GE repre-

r_tam:_ dro_ i,L volts. The armat'_-e '^_' ........ "...._,,::,,t,_ L._ *_aK_ -_,_ • _,,_*._ per

phase for a Y connected generator is thus X = EG/_/_ I and this reactance is

called the Potier reactance. The triangle EJF is known as the Potier Triangle.
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If the leakage reactance is constant and the increase in field current necessary

to balance a given number of ampere turns of armature reaction is independo

ertt of "d_ _turation _f 21_ magnetic circuit, Potter triangles drawn between

the open ci.remt saturatian_:urve and the zero power factor curve at points

corresponding to different degrees of saturation would be identical. Under

these conditions the zero power factor curve would have the same shape as

the o rmn_ circuit saturation curvp hilt wauld h_ di.qnlae_dr t_ram tha aruanr ri_-olli¢

curve by a distance equal to the length of the hypotenuse of the Potter triangle.

Actually, the field pole leakage increases somewhat with an increase in satu-

ration, and for this reason the number of field ampere turns which are neces-

sary to balance a fixed number of ampere turns of armature reaction is not

quite constant. In spite of this change in field pole leakage, the curves have

nearly enough the same shape for practical purposes and are assumed to have

the same shape when determining generator performance.

In order to make use of the Potier method to construct a zero power factor

curve it is necessary to locate two points on the Potier triangle. Figure 14

shows how the method is applied. A triangle OC L is constructed with OC equal

to the amperes corresponding to short circuit ampere turns (Fsc = X d Fg).

The altitude LT is made equal to IXpl where Potier's reactance is calculated

by a partly empirical method and

Xp = X{ _TR + FCR C-_'[_FTR + FCR + FT + F XFS

Ars )XFS = 2d Xd

Pge + ,h rs

As the point L of the triangle is moved along the no load saturation curve,

point C traces the zero power factCr saturation curve.
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VECTOR DIAGRAM OF A ROUND ROTOR GENERATOR

105

All currents and all voltages on the vector diagrams of generators must be per

phase. The MMF of armature reaction must always be for all phases because

the reactions of all phases combine to modify the resultant field and affect the

voltages of all phase_ _ifke. All MMFs are expressed in ampere turns per

pole.

VECTOR DIAGRAM OF A ROUND ROTOR GENERATOR

Referring to the figure, Iph r e is the effective resistance drop and Iph X _is

the leakage reactance drop. Adding these drops vectorially to Eph gives Eg,

which is the voltage rise generated by the air gap flux Og. This is the flux

which is produced by the combined action of the impressed field and the arma-

ture reaction and is called the resultant field. It must lead the voltage rise E
g

in the armature by 90 ° in time. To illustrate this, assume that the two active

sides of a coil are 180 electrical degrees apart. Under this condition, when

the coil is directly over a pole and contains a maximum flux its two active

sides are midway between the poles and are in zero fields. They are cutting

no flux and the voltages induced in them are zero. When the coil has moved

forward 90 electrical degrees the flux through it becomes zero but the induc-

tors are now directly under the centers of opposite poles and are in the strong-

est part of the field. The voltages induced in the two coil sides have maximum

values and thus the voltage in the coil is in quadrature with respect to the flux

through it.

Let FNL be the resultant MMF required to produce the flux Og. If it were not

for armature reaction FNL would be the MMF of the impressed field. The

armature reaction is in phase with the current and is shown by FDM on the

diagram. On account of the armature reaction the impressed field must have

a component -FDM to balance it. Adding FNL and -FDM vectorially gives the

field MMF, FFL , which is required to produce the terminal voltage Eph. This
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assumes that the coefficient of field leakage is unaffected by a change in load.

It also assumes that the air gap is uniform. The effect of the change in the

leakage coefficient can be taken into account by making use of an open circuit

saturation curve which has been corrected for field leakage. The open circuit
t

voltage when the load is removed is the voltage ENL corresponding to the ex-

citation FFL on the open circuit characteristic. It lags FFL by 90 degrees.
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CARTER'S COEFFICIENTS

Carter's coefficients are factors that take into account the increase in the re-

luctance of the magnetic circuit due to the presence of slots, air gaps, etc.

For convenience in calculating these coefficients it is assumed that there is no

saturation in the teeth and the teeth are considered as having parallel sides.

Also, the path of the flux is assumed to follow a straight line across the length

of the gap g, and then to curve at a radius r into the side of the tooth. Under

these conditions the permeance of the gap per inch of core length will be made

up of two parts; (a) the permeance Pl = bt/g between the pole face and the top

of the tooth and (b) the permeance 2P 2 where P2 is the permeance between the

pole face and one side of the tooth. The permeance of any small section dr is
S

dr 2dr dr
s s 2 s

" dP2 = _rs = (2g+Trr s)_ 77" - 7r 2g "
g+T _ -_ + rs

21(bs/2 drs

P2 = #'1 2g
./o _-+ r s

Since//_ dx 1
/ + bx = b l°ge

(a + bx)



bs/2

P2 = _- ge +
0

- _- og e + - log e
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a

log e a-log eb = log e

P.. = =- lo_ 1+

The average permeance over the slot pitch is therefore

2

bt bsE_4-- loge (I 7rbsl-] b t
bs (2P2) + (pl) = + --4"g-I_l+ g-

Pavg = t-s _s ts

and the reciprocal of this quantity is the reluctance which corresponds to that

of the equivalent gap. This reluctance compared to that of a smooth surface is

the Carter coefficient.

Since the flux does not behave exactly as given in the above derivation it has

become necessary to obtain the equivalent gap by empirical means. When this

has been done the various Carter's coefficients have been determined as indi-

cated in the following:

(a) OPEN SLOTS

K

t s (5g + bs)

t s' (Sg+ bs)' - b 2
S

(b) PARTIALLY CLOSED SLOTS

K ..

t s (4.44g + 0.75bo)

t s (4.44g + 0.75bo) _ b 2
O
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THE EFFECT OF VARYING THE POLE EMBRACE IN

ELECTROMAGNETIC GENERATORS

109

Salient-pole, wound-pole, synchronous generators have for many years been

made with pole embraces of 70O/oto 75%. The 70% (approx.) pole embrace is

a compromise since the amount of field winding that can be supported on a pole

of a wound-pole generator depends in part on _ pole head overhang and thus

on the pole embrace. Too great a pole embrace _ in excessive flux leak-

_-- _,_a ,,_,_ small o ,_!,_ embrace wo,,!a n,-., _lln_ --n--gh fi._lfl uTinrllno" _n *hr,

best pole embrace is in most cases 70-75%. That value has come to be regard-

ed as the best to use for synchronous salient-pole machines in general.

None of the brushless) rectifierless generators have field windings on their

poles and the best pole embrace for these machines to use can be determined

by the efficiency of the magnetic circuit. The best pole embrace should result

in the maximum output per pound of machine weight.

The length of the rotor and stator of most brushless, rectifierless generators

is limited by the flux that can be carried through the rotor. In all Lundell gen-

erators and in the axial-gap homopolar inductor, the flux is carried axially

through a shaft section. The limiting feature of the design of any of these ma-

chines is the amount of flux that can be carried through these shaft sections.

As a result, the maximum rating that can be built for any specified stator bore

diameter depends upon the efficiency with which the machine utilizes its rotor

flux.

In all the variations of the LundeU type generators and homopoiar inductors,

the easiest and most practical pole shape to use is concentric with the stator

bore. For this reason, the concentric pole has been used to study the effect

of varying the pole embrace. Curves of C 1 and Cp versus pole embrace can

be taken from David Ginsberg "Design Calculations for A-C Generators" -

Trans. AIEE, Vol. 69, pp 19.74-80, 1950. The curves of C 1 and Cp can also

be obtained by integrating a square wave over the pole embrace. C is the
P

average over the pole pitch and is identical in value to the pole embrace. C 1

values are derived later in this article.
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Summary

A study of pole embrace variation for concentric poles in synchronous gener-

ators shows that:

la Narrow poles make most efficient use of pole flux in conventional

wound-pole, salient-pole machines, and in all Lundell type ma-

chines.

2. Best pole width for homopolar inductor generators varies with

o

level of interpolar leakage.

wider poles should be used.

inductors.

For high values of interpolar leakage,

Narrow poles are best for low leakage

In most machines, a pole embrace of about 50% should give good

utilization of pole flux.

Discussion

The voltage generated in any electromagnetic generator can be expressed by

the equation:

_T RPM C w Ne

ELL = 60 x 105

Where:

CW = The Winding Constant

ELL 1 C1 Kd
X--X--

Eph m

m = No. of Phases

Ne = No. of Effective Conductors in Machine

Distribution Constant

Bg Ag = Gap Density over pole head x area of the air gap

This equation can be shown to be equivalent to any other voltage equation used

in machine design.



If C 1 is inserted directly into the voltage equation:

ELL = _T _n (C1)_ for any given machine at a fixed RPM

III

The flux in the pole of a_g@_yrator is:

OT
% = -_- x Cp

Where:

P = No. of Poles

C = Pole Constant =
P

Average Field Form
Max. of Field Form

If ELL and RPM are constant and all machine parameters are fixed except the

pole embrace, C 1' Cp and _p will vary with changes in pole head width.

In the following tables, 0 u is tabulated for various pole embraces and various

levels of interpolar flux leakage.

Case I is the case for salient pole generators such as the conventional syn-

chronous generator and Lundell generators.

Case II is a study of homopolar inductors with various levels of interpolar flux

leakage.
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_=t
P

_,. -- !.o

r

• 50

Vary _ from 1.0 to O. 3

Case I -- No Interpolar Flux Leakage -- This is the Case for a Conventional

Synchronous Generator and for LundeU-Type Generators



C
1

= "The Fundamental of the Field Form". It is the ratio:

Maximum Fundamental Flux
Actual Maximum Value of the Field Form

Cl = _ YNCos_

/r

c 1 = _ Jo (1) cos,_"

l i/

4 0

= _ = i. 27 for 100% Pole Emb.
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__(s)

4[ 4c1 = N (1) cos_ -

C

P

• 707 =. 90 for 50% Pole Emb.

1.0

.9

C1 (No Leakage)

................... 1.27

................... 1.26

.8 ................... 1.21

.7 ................... 1.14

.6 ................... 1.03

.5 .................... 90

.4 .................... 75

.3 .................... 58

"The Pole Constant".

the field form.

It is the ratio of the average to the maximum of

For a uniform gap, the field form is a square wave and the pole constant

is equal to the pole embrace.



CASE I
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Per Unit

Per Unit Pole Flux

Total Flux _" "_"_" "_
I.0 P.U. Volts =

To Generate r x P.U. _T
Pole Embrace C 1 1.0 P.U. Volts Cp ..p

1.0 1.27 1.0 1.0 1.0

• 9 1.26 1.01 .9 .909

.8 1.21 1.045 .8 .835

.7 1.14 1.11 .7 .777

• 6 1.03 1.23 .6 .738

• 5 . 90 1.41 . 5 . 705

. 4 . 75 1.70 . 4 . 68

• 3 . 58 2.19 . 3 . 658

This case represents the wound-pole synchronous generator, and the Lundell-

Type generators, both axial-gap and radial-gap.
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INTERPOLAR
LEAKAGE FLUX

MAIN POLE

FLUX

MAIN POLE FLUX

ON ONE ROTOR END

INTERPOLAR LEAKAGE FLUX

INTERPOLAR

LEAKAGE FLUX

MAIN POLE FLUX

ON OTHER ROTOR

END

INTERPOLAR
LEAKAGE FLUX

MAIN

POLE

FLUX

MAIN POLE

FLUX

INTERPOLAR LEAKAGE FLUX

Vary < from 1.0 to 0.3

INTERPOLAR

LEAKAGE FLUX

MAIN

POLE

FLUX

Case II -- Interpolar Leakage Flux Varies from 5% to 25% of the Maximum

Value of the Actual Pole Flux Wave (Field Form)
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CASE H

5% LEAKAGE

Pole
Embrace

C
1 for

Square
Wave

C 1

Reduced

to 95%

P.U. Total
C

Flux to p
Generate Increased

1.0 P. U. Volts 5%

P.U. Pole
Flux to

Generate
1.0 P. U. Volts =

Cp/l. 05 x P. U. _T

1.0 1.27 1.21 1.0 1.05 1.0

• 9 1.26 1.20 1.01 . 95 . 913

• 8 1.21 1.15 1.05 . 85 . 85

• 7 1.14 1.08 1.12 . 75 . 80

• 6 1.03 . 98 1.23 . 65 . 76

• 5 .90 .855 1.41 .55 .74

• 4 .75 .71 1.70 .45 .73

• 3 . 58 . 55 2.20 . 35 . 733
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CASE II

10°/oLEAKAGE

Pole

Embrace

C 1 for

Square
Wave

C 1

Reduced
90%

P.U. Total
C

Flux to p
Generate Increased

1.0 P. U. Volts 10%

1.0 1.27 1.14 1.0 1.10

• 9 1.26 1.135 1.01 1.0

• 8 1.21 1.09 1.045 . 90

• 7 1.14 1.025 1.11 . 80

• 6 1.03 . 93 1. 225 • 70

• 5 • 90 . 81 1.41 • 60

.4 • 75 .675 1.69 .50

• 3 • 58 .52 2.19 • 40

P.U. Pole
Flux to

Generate
1.0 P. U. Volts =

Cp/1.10 x P.U. ¢)p

1.0

• 92

• 856

.81

.78

• 77

• 77

• 80
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CASE II

20% LEAKAGE

Pole
Embrace

C1 for C1

Square Reduced
Wave to 80%

1.0 1.27 1.015

• 9 1.26 1.005

.8 1.21 .97

.7 1.14 .91

.6 1.03 .825

.5 .90 .72

.4 .75 .60

.3 .58 .463

P.U. Total

Flux to Cp
Generate Increased

1.0 P. U. Volts 20%

1.0 1.20

1.01 1.10

1.05 1.0

1.12 .90

1.23 .80

1.41 .70

1.69 .60

2.2 .50

P.U. Pole

Flux to
Generate

1.0 P. U. Volts =

Cp/1.20 x P. u. CT

1.0

• 93

• 875

.84

• 82

• 822

.845

• 917
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CASE H

25% LEAKAGE

C 1 for C 1

Pole Square Reduced
Embrace Wave to 75%

1.0 1.27 .95

• 9 1.26 .94

.8 1.21 .91

.7 1.14 .855

.6 1.03 .77

• 5 .90 .675

• 4 .75 .56

• 3 .58 .435

P.U. Total C
Flux to p

Generate Increased

1.0 P. U. Volts 25%

1.0 1.25

I.01 I.15

1.04 1.05

1.11 .95

1.23 .85

1.41 .75

1.7 .65

2.18 .55

P.U. Po!e
Flux to

Generate

I.0 P. U. Volts =

Cp/1.25 x P.U. _T

1.0

• 93

• 875

• 845

• 835

• 845

• 882

• 96
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CASE II

40_ LEAKAGE

C 1C 1 for

Pole Square Reduced
Embrace Wave to 60%

1.0 1.27 .763

• 9 1.26 .756

.8 1.21 .73

• 7 1. 14 .685

• 6 1.03 .62

• 5 .90 .54

• 4 . "/5 .45

• 3 .58 .347

P.U. Total
Flux to

Generate
1.0 P. U. Volts

1.0

1.01

1.05

1.11

1.23

1.41

1.7

2.24

Cp
Increased

4o%

1.4

1.3

1.2

1.1

1.0

.9

.8

.7

P.U. Pole
Flux to

Generate
1.0 P. U. Volts =

Cp/1.4 x P.U. 0 T

1.0

• 94

.9

• 875

• 88

.91

• 97

1.12
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Conclusion

The brief study shows that the narrower poles are most efficient for machines

with no interpolar leakage. In most cases, . 5 pole embrace would represent

an extreme since the flux density in the teeth for . 5 embrace is 2_ higher than

for an embrace of. 70.

The best _vole embrace for homopolar inductors depends upon the level of in-

terpolar leakage but in a practical design with 10% leakage or less, a 50%

pole embrace will allow greater output than wilt a wider pole.
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FLUX-PLOTTING



GRAPHICAL FLUX ANALYSIS
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Graphical flux analysis is the quickest and most direct solution to many field

problems. Irregular or complex fields that yield slowly to mathematical anal-

ysis, if at all, can be solved graphically. Manual plots are used to solve heat°

flow, air-flow, dielectric field, and flux field problems.

In this study, only flux field distributions are mapped, and only the simplest

case is considered -- that is, the case where the iron surfaces are equipoten-

tial surfaces and the space between the iron surfaces has the permeability of

air. The same total field potential exists across the air space regardless of

any change in dimension or configuration.

The permeability of air is constant, so ff the field gradient per unit of linear

measurement (ampere turns per inch) across the air space changes, the flux

density must change by the same ratio.

/

In _ flux plots, the flux is considered to consist of tubes of flux. In a

three dimensional field, a single tube is conceived of as looking like this:

V 1 "2 v _ V5



In a two dimensional field, the depth of the tube is constant and the tube looks

like this:

- t,, i I/ I,/ L. /_ ..
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If the number of lines of flux in a tube is held constant, and the depth of the

tube is constant, the sides of the tube of flux must converge or diverge in di-

rect ratio to the change in field gradient.

By choosing the scale of field gradient and flux density, the area of flux tube

enclosed by the sides of the tube and the equipotential field gradient lines be-

come a square.

V 3

V 2

V 1

O
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The lines of flux must cross equipotential lines at right angles and enter the

iron at right angles. The corners of the areas so defined are right angles and

if the squares are successfully divided into fourths, the smaller squares be-

come more closely true squares. In any of the squares, the two dividing lines

used to divide the square into four squares will be closely equal in length.

r i --

/ /

To start a map or flux plot, draw the area to be mapped as large in scale as

practical. Ink the boundaries of the iron so erasures will not remove them.

Also, ink in the lines of symmetry.



Draw in the middle an equipotential line and then start the plot in the most

irregular region or at a corner and a line of symmetry.

t26

EQUIPOTENTIAL LINES 7 i/

OUTSIDE CORNER INSIDE CORNER

Start the maps with large sweeping curves and close the map before trying to

perfect the detailed areas.

Use 2H pencil for easy erasures with minimum smudging.

Make large squares and divide only where necessary to check map accuracy

or to obtain accurate density.

Intersections between flux lines and equipotential lines must be right angles

at all times or the map can npt be made accurately.

When the tubes of equal flux are divided, they are most easily divided into

multiples of two.

A map can not be torced. However, useable accuracy can be obtained without

a precise map, and the operator should exercise his own judgment as to the

accuracy required.
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To move lines a small amount, try widening the line with pencil and removing

the unwanted portion with a sharp-pointed eraser.

POLE
HEAD

I

I FIELD I
[ COIL I

i l
L....

/

/

/
/

START LINE

To determine, by means of a freehand flux plot, the no load field form of an

electromagnetic machine:

lo Make the flux plot in the manner described in the literature, with

all intersections of flux lines and equipotential lines at right ang-

les and with all curvilinear squares capable of being divided into

smaller, curvillnear squares.



. The distance from centerline between poles to the centerline of

the pole is 90 electrical degrees. Divide this arc on the stator

surface into 10 ° increments.
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O0 ! n °

___,_ _ 30°

"_ /_,_'/" x 60 °

°

\,oO
/

/

. At any point on the stator surface, the distance from the surface

to the first equipotential line is proportional to the flux density at

that point. A plot of flux density, therefore, is a plot of the ratio

of distance from the stator surface to the first equipotential line.

Where the equipotential lines have been further divided, the dis-

tance ratios increase proportionately.



= The maximum density (usually at the pole head centerline) can be

used as a one per unit; 1.0 or 100%.
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Fundamental
C 1 = Ratio Actual = _ (0) sin g d0

0 ° :50° 60" 90"

Cos 0° = 1.000 Y1

Cos 10 ° = .985 Y2

Cos 20 ° = .940 Y3

Cos 30 ° = .866 Y4

Cos 40 ° = .766 Y5

Cos 50 ° = .643 Y6

Cos 60 ° ffi .500 Y7

Cos 70 ° = .342 YS

Cos 80 ° = .173 Y9

Cos 90° = .000

(.5) =

(. 985) =

(. 940) =

(.866) =

(.'/66) =

(.643) =

(. 5oo) =

(.342) =

(.173) =

C 1 =

Ref: Mathematics of Modern E _ngineering, Vol 1, pp 73-92, Doherty and

Keller.
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LIST OF SYMBOLS
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A

A

a

a

a
c

ach

ast

A_ a

ampere-conductors per unit of circumference

area

distance between midpoints of two adjacent coil ends

area

actual area of the stator conductor

actual area of the rotor conductor

area of a strand of the conductor

B

B or Bg

B c

B c

B i

B
pc

Bq

Brc

Brs

Bt 1/3

B t

B, b

flux density

flux density in the gap

flux density in the core

flux density in the stator core

flux density in the air gap of the interpole

flux density at the center section of the pole

maximum flux density in the air gap

flux density in the rotor core

flux density at the slotted section of the pole

flux density in the stator tooth at 1/3 the_dtstance from the

minimum section

actual flux density in the tooth



B t

b

b
e

b.
1

b
O

b
O

b
P

b
P

b
r

brh

b
ro

b
S

b
S

bt

btm

btr

b 1

b 2

btl/3

fictitious flux density in the tooth

width

equivalent pole arc

width of interpole

slot width at the air gap

width of the slot opening in the stator slot

width of pole shoe

width of the center section of the pole

width of the rotor slot

height of the ventilating holes in the rotor iron

width of the slot opening in the rotor slot

slot width

width of the stator slot

width of the stator tooth at the stator bore

width of the stator tooth at a distance half way down the slot

width of the rotor tooth at the outside diameter of the rotor

width of the stator slot at the bottom part of the tapered

section

width of the stator slot at the top of the top conductor

width of stator slot 1//3 distance up from the inside stator bore
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C_ C

capacitance

ratio of the maximum fundamental of the field form to the

actual maximum of the field form



CM

C
P

Cq

Cw

f_
v x

c

C

C

demagnetizing factor

ratio of the average value of the field form to the maximum

value of the field form

cross magnetizing factor

winding constant

slot reactance reduction factor

number of imrallel groups

specific heat

number of paraUel paths in the winding
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D

d

%
d

r

d
S

D, d

outside diameter of the stator punching

inside diameter of the stator punching

diameter of the bender pin

outside diameter of the rotor

inside diameter of the rotor punching

E

Ef

EF(top)

EF(bot)

E
ph

e

e s

E_ e

llne voRage

field voRage

eddy current factor top

eddy current factor bottom

phase voRage

induced emf,

enff of sell-induction

instantaneous value



F

F C

FCR

FDM

Ff

FFL

Fg

FNL

FOL

F R

F S

FSC

F T

FTR

f

F2 f

force

ampere turns per pole for the stator core

ampere turns per pole for the rotor core

demagnetizing ampere turns per pole

resultant fundamental component of the field MMF

field ampere turns per pole required to generate voltage at

rated load

air gap ampere turns per pole

field ampere turns per pole required to generate rated voltage

at no load

field ampere turns per pole required to generate rated voltage

at overload

rotor iron ampere turns per pole

stator iron ampere turns per pole

ampere turns per pole required to circulate rated current on

steady state short circuit operation

ampere turns per pole for the stator teeth

ampere turns per pole for the rotor teeth

force on a single conductor

frequency in cycles per second
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g

ge

single air gap

effective air gap

G, g



H

HP

h

h

h
C

h
C

h_

h
O

h
P

h
r

h
rc

h •

rl

hr2

h
S

h s

hst

h
st

ht

h t

hte

h
W

H, h

field intensity

output in horsepower

height

heat transfer coefficient

core height

depth of the stator core

height of the slot occupied by the conductors

depth of the stator slot opening

length, of magnetic patch in a pole

depth of the rotor slot

depth of the rotor core

depth of the rotor slot from the top edge of the top conductor

to the bottom edge of the bottom conductor

depth of the rotor slot from the bore to the top edge of the

top conductor

depth of the slot

depth of the stator slot

uninsulated height of the strand

depthwise distance between the centerlines of adjacent strands

length of magnetic patch in a tooth

depth of the tapered part of the stator slot

end length extension of stator coil for unit slot throw

depth of the straight part of the stator slot from the bottom of

the tapered section to the top of the top conductor
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I c

If

If2

I
n

Iph

I, i

current (for a-c effective value)

amperes per conductor

field current

field current in auxiliary coil

rated current

phase current

current, instantaneous value
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Kr

Ksk

KX

K, k

distribution factor of the stator winding

distribution factor of the field winding

end turn leakage reactance factor

stacking factor of the iron

pitch factor of the stator winding

pitch factor of the field winding

watts per pound loss

Carter's coefficient for the rotor slots

Carter's coefficient for the stator slots

skew factor

constant used in the determination of the 1//2 mean turn of

random wound coils

factor to account for difference in phase of current in coil sides

in same slot

k constant



k

k s

kt

kv

kxco

kxt

stacking factor

ratio of total length of armature L to the length effective for

slot leakage

ratio of slot width to tooth width

ratio of total length L to equivalent armature length

reduction factor for slot leakage permeance (for part of slot

occupied by the con__,ctors)

reduction factor for slot leakage permeance (forpart above

the conductors)
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L

L

L E

L e

L F

LI

L s

Lsb

Lst

Ltt

1

L, 1

coefficient of serf-inductance

total length of stator stack

total length of the end extension of one turn

coefficient of serf-inductance for the end winding leakage flux

serf inductance of the field winding

serf-inductance of the field winding

coefficient of serf-inductance for the slot leakage flux

coefficient of self-inductance of the bottom coil side for the

slot leakage flux

coefficient of serf-inductance of the top coil side for the slot

leakage flux

coefficient of serf-inductance for the tooth top leakage flux

overall length of the stator iron

length



1
C

1
e

1
e

le2

1
r

1
rs

1
S

1s

1t

It

ltr

1
Y

length of armature c_e-w_hout radial venUlating ducts

length of __ in a core

equivalent length of armature core

length of the end winding for half a coil

straight part of the coil extension beyond the core

overall length of the rotor iron

solid length of the rotor iron

solid length of the stator iron

effective length of the armature for slot leakage flux

average length of the stator conductor. The 1/2 mean turn

mean length of a turn

mean length of the rotor turn

length of magnetic path in a yoke
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M

M

M c

M d

M d

Mg

M t

M_ m

coefficient of mutual inductance

magnetomotive force (mini)

mini for the core

total mini of armature reaction

total mmf of armature reaction measured in shunt field

amperes

field mmf

mmf for the o_,.._n

mmf for the teeth



Mtb = Mbt

M
Y

m

m I

m 2

coefficient of mutual inductance between the top and bottom

coil side for the slot leakage

mini for the yoke

number of phases

number of phases in primary

number of phases in secondary
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N

N
e

Nf

Nf

Nst

N
x

n

n
c

n
e

n
n

n o

n
r

n
rc

n
s

n
S

n
V

N, n

number of turns, total for single phase windings, per phase

for polyphase windings

number of turns per winding element

number of field turns per pole

number of field turns per pole

number of strands per conductor in depth

number of turns linked with a flux 0 x

rpm

number of conductors per coil

total number of effective series conductors in the stator

normal or rated speed

no-load speed

number of rotor conductors per slot

number of slots in the pole center section

number of conductors per slot

number of stator conductors per slot

number of radial vents



P

PFe

PF

PW

P

power

iron losses

friction losses

windage losses

number of poles

P, P

°
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Q

Qr

%

q

q

Q, q

total number of stator slots

number of rotor slots wound

number of slot pitches on the rotor surface (soLid pole center)

or total number of rotor slots punched (slotted pole centers)

charge on a capacitor

slots per phase per pole

R

R

R C

RPM

r

R_ r

resistance

radius

resistance of choke coil

resistance of shunt field rheostat

resistance of the field winding

resistance of the stator winding per phase

rotor revolutions per minute

radius of the stator bore



r

r a

r
c

r
e

S

S

SCR

resistance

resistance of armature winding

corner radius of the wire

effective stator resistance per phase

cooling surface

current density

short circuit ratio

S_ s
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i

T

T

T

T a

T c

t

T d

t

Tdo

t

T, t

torque

thermal time constant

period of a wave

armature time constant

period of commutation

transient time constant

open circuit time constant

time in seconds

lamination thickness

u

U_ u

number of conductors side by side in the slot



V

V r

v

v
c

V, v

terminal voltage _mr _-_.e_fective value)

peripheral velocity of the rotor

terminal voltage instantaneous value

surface velocity of the commutator
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W

W c

WDNL

WDFL

WDOL

WpNL

WpFL

WpOL

WTNL

WTOL

W_ w

weight

watts loss in the stator core

watts loss in the damper winding at no load

watts loss in the damper winding at full load

watts loss in the damper winding at overload

watts loss in the pole face at no load

watts loss in the pole face at rated load

watts loss in the pole face at overload

watts loss in the stator teeth at no load

watts loss in the stator teeth at rated load

watts loss in the stator teeth at overload

X

X

Xad

Xag

X, X

reactance factor

reactance

the fictitious •...._._._+.... ,,.-_armature reaction

quadrature axis armature reaction



X c

X d

X d

X d

XVb

Xdu

X F

XFS

X
P

X S

X

capacitive reactance

synchronous reactance

saturated transient reactance

subtransient reactance

I^.._L...._...._ _-_.-J.._t-._._ rd _ t-kn .'t._mn._. 'n_'int]|,o" _nrJ _t'Jv I'D11'r1'_l_T'if

circuits

unsaturated transient reactance

leakage reactance of the field winding

ratio of the rotor slot leakage flux to the useful flux

Potier reactance

inductive reactance

leakage reactance of the stator winding
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Y

Y, Y

number of slots spanned by the coil

Z

Z_ z

total number of conductors on an armature

Lambda

permeance per unit length

specific permeance of the air gap

belt leakage permeance
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bE

/_ FE

/_rs

/_st

,/_tt
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permeance per unit length for mutual induction between bottom

and top coil side in the slot

specific permeance of the damper winding and eddy current

circuits

specific permeance of the stator end _4_ig

leveragepermeance of the rotor

specific permeance of the rotor end windi_

heat conductivity

specific permeance of the embedded portion of the stator

winding

specific permeance of the embedded portion of the rotor

winding

permeance per unit length for the slot leakage flux

permeance per unit length of the bottom coil side for slot leakage

flux

permeance per unit length of the top coil side for the slot leakage

flux

permeance per unit length for the tooth top leakage flux

relative permeability

Ms

resistivity

Rho



m

ocs

Alpha

ratio of the number of slots to the number of slot pitches

(solid pole centers) or the ratio of the number of slots wound

to the number of slots punched (slotted pole centers)

pole embrace per unit

winding

electrical angle between adjacent stator slots
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Beta

Delta

delta connection

thickness of lamination (L & W)

voltage regulation

voltage drop

Epsilon

7. Zeta

efficiency

Eta

0 Theta



"-V

T

TP

I_I _

rs
| - .

Ts

Ts

Tsg

_sk

T s I/3

T_

Tau

pitch

pole pitch

pole pitch

rotor pole pitch at rotor O.D.

rotor slot pitch at the rotor diameter

slot pitch

stator slot pitch at the inside stator bore

slot pRch at the gap

skew in inches of the iron for a length equal to the core length

stator slot pitch at 1/3 the distance up the tooth from the inside

stator bore

width of one stack of lamination plus width of one ventilating

duct
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¢

_T

Phi

flux

flux in the pole iron

theoretical total flux in the air gap

Omega

electrical angular velocity
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